
ABSTRACT

Title of dissertation: GAMMA RAY BURST FOLLOW UP
USING GROUND BASED METHODS:
INSTRUMENTATION, OBSERVATION
AND ANALYSIS

Joseph Durbak
Doctor of Philosophy, 2025

Dissertation directed by: Professor Sylvain Veilleux
Department of Astronomy

Since the 1973 announcement of the initial Vela detection of Gamma-Ray Bursts

(GRBs) in 1967, these powerful events have been of significant interest. The study of GRBs

has advanced our knowledge of plasma physics, particle physics, cosmology, among many

other fields. However, even with the advancement in understanding gained through various

detections, both multi-wavelength and multi-messenger, there is still much to be learned

by observing these transients in as many different ways as possible. This dissertation will

explore the development of instrumentation (RIMAS and PRIME), operational software,

data reduction software, and observations aimed at furthering the study of GRBs.

Rapid infrared IMAger Spectrometer (RIMAS) is a near-infrared (NIR) imager spec-

trometer operating in wavelengths from 0.97 to 2.37 µm, and will be installed on the 4.3 m

Lowell Discovery Telescope (LDT) in Happy Jack, Arizona. Among other features, RI-

MAS has four broad band filters (Y, J, H, K), and three spectral modes (spectral resolving

powers, R∼30, 300 and 5000). Completing this instrument required the development, in-

tegration and testing of multiple detector readout systems, cryogenic systems, spectral



and imaging modes, communication systems, and cooling systems. Furthermore, software

needed to be developed to reduce RIMAS data so that it will be ready to contribute to

scientific discoveries shortly after commissioning. Due to the development of this software,

observers will quickly obtain high signal-to-noise exposures, astronomically and photomet-

rically calibrated stacked images, and one-dimensional spectra that are flux and wavelength

calibrated.

PRime-focus Infrared Microlensing Experiments (PRIME) is a 1.8 m telescope with

1.56 square degree field of view (FOV) (0.5′′/pixel) operating in the NIR (0.82-1.78 µm) lo-

cated in Sutherland, South Africa at the South African Astronomical Observatory (SAAO).

The primary science objective for PRIME is to perform a time-domain survey of the Galac-

tic Bulge for the purpose of observing microlensing events caused by transiting exoplanets.

In doing so, it will support the Nancy Grace Roman Space Telescope (RST) mission by tak-

ing baseline measurements of this field before RST launch, while testing the performance

of RST package H4RG-10 detectors. After RST launch, PRIME will perform simultaneous

observation with RST of the Galactic Bulge to perform parallax measurements. PRIME

is also continuously available for Target of Opportunity (ToO) observations, making it a

powerful tool for observing GRB and gravitational wave (GW) counterparts. Since commis-

sioning in October 2022, PRIME has been observing a time domain survey of the Galactic

Bulge searching for microlensing events, observing high-energy transients (GRBs, X-ray

bursts, GWs, and supernovae), and performing an all-sky survey in J-band. During the

course of this thesis work, the development of PRIME’s camera greatly mirrors that of

RIMAS, with lessons learned shared between them. Most notable in this development is

the integration and testing of PRIME’s detectors and detector readout system. This is the



first instance of these detectors and electronics being used on-sky, and as such required the

development of custom software and thorough testing.

Beyond these instrumentation efforts, photometric and spectroscopic observations

were performed in the optical for various GRB afterglows, GRB host galaxies, and GW

counterpart candidates using LDT’s optical imager, Large Monolithic Imager (LMI), and

optical spectrograph, DeVeny. After the commissioning of PRIME, over 40 high-energy

transients (GRBs, X-ray Bursts, LIGO/Virgo/KAGRA (LVK) probability fields) were ob-

served with the new telescope. These events were observed as soon as possible after initial

detection, and observed over multiple epochs when assessing the evolution of detected

counterparts. Further observations were also obtained when sources were not well local-

ized, and further observations could lead to the detection of variable sources. These have

resulted in the PRIME detection of the brightest GRB of all time, GRB 221009A, the

night after PRIME’s first light, and helped determine that this extreme GRB was powered

by structured jet. PRIME observations of GRB 230307A helped determine that the pro-

genitor system was a lanthanide rich kilonova despite its long duration. Observations and

software developed for LDT during this thesis work searched for and categorized potential

optical GW counterparts, analyzed the environments surrounding GRBs, and searched for

a supernova associated with GRB 221009A.
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Preface

Portions of Chapters 2, 3, and 4 appear in non-refereed SPIE conference proceed-

ings manuscripts[1, 2, 3], and in a successful Swift Guest Investigator proposal[4]. RI-

MAS’s progress has also been presented at meetings of the American Astronomical Society

(AAS)[5].
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Sometimes, if you pay real close attention to the pebbles

you find out about the ocean.

Terry Pratchett, Lords and Ladies
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Chapter 1: Introduction

1.1 Gamma-ray Burst Background

Gamma-ray Bursts (GRBs) are defined by how they are observed; they are brief γ-ray

events (a few to tens of seconds) that are many magnitudes brighter than the background

γ-ray sky outshining even the sun. GRBs occur daily, and have an electromagnetic (EM)

output in a few seconds comparable to the Sun’s output over the order of 1010 years.

Studying GRBs gives an insight into physics occurring at much higher energies than can

be observed in laboratories on Earth. Furthermore, the brightness of these events makes

them observable at high redshifts outshining quasars and galaxies. This makes them useful

as line-of-sight probes into the early universe.

1.1.1 History

The first three pairs of Vela satellites were launched in 1963 to monitor the Earth for

nuclear weapons testing that would violate the Nuclear Test Ban Treaty.[6] These satellites

first detected a strong γ-ray signal in 1967.[7] In 1973, Klebesadel et al. informed the com-

munity of this detection along with their determination, through triangulation, that these

γ-rays were not from nuclear weapons testing on Earth, but were in fact cosmic in origin.[7]
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Due to the difficulty in locating γ-rays, follow-up observations by other instruments were

not able to be performed during this period.

Nearly 25 years after the initial discovery announcement, in 1991, the Compton

Gamma Ray Observatory (CGRO) was launched. The Burst and Transient Source Ex-

periment (BATSE) instrument on the CGRO showed that these GRBs are isotropically

distributed [8], and therefore are not limited to the Milky Way. This is well demonstrated

in the plot shown in Figure 1.1. During the 9-year lifespan of CGRO, over 2700 GRBs

were observed giving a rate of ≈1 per day.[9] Observing the light curves for this population

by the T90 values (the time over which the burst emits 5% to 95% of its counts), showed

(Figure 1.2) that there were two distinct populations of GRBs with T90 durations: less than

2 s, and greater than 2 s.[10] These populations are referred to as short GRBs (sGRBs),

and long GRBs (lGRBs) respectively. Furthermore, using BATSE light curves, the Band

function was empirically derived, which showed the GRB spectrum could be fit by joining

two power laws.[11]

Later, BeppoSAX was the first satellite to detect GRBs in X-rays [12] using its

Wide-Field Camera to observe the fading X-ray counterpart to the Gamma-Ray Burst

Monitor (GRBM), and thus have much better localization of a few arcminutes. This im-

proved localization led to the first observations of an afterglow a few hours later via optical

telescopes.[12, 13]

In 2004, Swift observatory launched [14], with the Burst Alert Telescope (BAT),

X-Ray Telescope (XRT) and Ultraviolet/Optical Telescope (UVOT). BAT is capable of lo-

calizing detected bursts within ≈3′ [14], and then autonomously slews the XRT and UVOT

common boresight towards the detected source and can localize a detected X-ray coun-
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Figure 1.1: GRBs detected by the BATSE instrument during the CGRO 9 year mission
projected in Galactic Coordinates. As can be seen here, there is no increased density of
GRBs located in the Milky Way’s galactic plane. Image sourced from https://gammaray.

nsstc.nasa.gov/batse/grb/skymap/images/fig2_2704.pdf.

Figure 1.2: Histogram of the measured T90 values of GRBs observed by BATSE. As can
be seen here, there are 2 distinct populations below and above 2 s. Image sourced from
https://gammaray.nsstc.nasa.gov/batse/grb/duration/images/4b_t90.gif.
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terpart within ≈3′′ [15] using XRT and to sub arcseconds with UVOT [16] for a detected

UV/optical counterpart1. Swift observes ≈100 GRBs per year [17], and quickly providing

their locations has allowed the community to quickly and effectively perform follow-up ob-

servations. This has allowed the community to study both GRBs and their host galaxies

throughout the electromagnetic spectrum. These multi-wavelength observations have led

to important breakthroughs in understanding GRBs, such as measuring the redshifts, de-

tecting that lGRBs can be produced by extreme Type Ic SNe [18], and showing the cooling

of the afterglow is achromatic [19].

The final observational breakthrough covered here is the first high-significance EM

and gravitational wave (GW) multi-messenger observation of a sGRB by Swift, Fermi,

INTEGRAL and other EM instruments alongside LIGO, GRB/GW 170817. This multi-

messenger observation conclusively showed the origin of sGRBs to be from binary neutron

star mergers.[20] This discovery has led to great interest in studying short GRBs as the

physics of these events can be explored using EM and GW observations.

1.1.2 Afterglow Discoveries

Prompt to late afterglow observations are needed to gain detailed understanding of

GRBs, including the high energy physics taking place, and the local environments of these

events. As discussed earlier in this chapter, thanks to improved localization of GRBs start-

ing with BeppoSAX detection of the X-ray afterglow from the GRB detected by BATSE,

and continued with projects like Swift, many of the recent GRB discoveries have come from

studying the afterglow. The BeppoSAX afterglow X-ray detection’s improved localization

1X-ray and UV/optical counterparts are not always detectable
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of GRB 970228 [21] led to the first detection of a GRB’s optical counterpart [12], and the

first measurement of a GRB’s redshift, z=0.695,using the Keck telescopes [22]. Another

big step forward was accomplished when the extremely bright GRB 030329 was detected

by the High Energy Transient Explorer satellite (HETE), which managed to report its 2′

localization within 73 minutes of initial detection. This quick localization and reporting led

to the detection of the counterpart in the optical and radio [18]. Multi-wavelength coverage

of this GRB’s afterglow led to measurement of the redshift, z=0.1685, the detection of an

associated supernova, and the establishment that lGRBs can be produced by extreme Type

Ic SNe. Hubble Space Telescope (HST) observations of the error box regions for lGRBs

show that they occur in UV-bright star-forming regions of host galaxies, which suggests

that lGRBs are associated with extremely massive stars and are restricted to galaxies with

very little chemical evolution.[23]

The launch of Swift has led to a number of multi-wavelength GRB discoveries. The

rapid reporting of detections and localizations from Swift has allowed the community to

make numerous discoveries. This includes the first precise localization and redshift mea-

surements of sGRBs [24], the identification of the highest redshift GRB [25] (z = 9.4),

a population of low-luminosity GRBs associated with SNe [26, 27], and detailed multi-

wavelength light curves (e.g. [28]).

A key attribute of GRBs measured through follow-up observations of afterglows is

their redshift. GRBs with measured redshifts span 0.0085 ≤ z ≤ 9.4 with mean redshift

z̄ ∼ 2.5 as helpfully collated by Greiner.2 This range and mean is heavily susceptible to

selection bias, instrumental and astrophysical, as outlined by Coward et al. [29]. Among

2https://www.mpe.mpg.de/~jcg/grbgen.html
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other instrument selection biases (position in the sky, GRB localization, galactic extinction,

and source angular distance from the Sun), there is bias towards afterglows that can be

observed in the optical, whereas some of the highest redshifts of GRBs (GRB 090423 and

GRB 090429B) have been measured by NIR instruments despite no optical counterpart

detection by UVOT. This optical bias extends specifically into redshift-dependent selection

effects involving: Malmquist bias, redshift desert, and host galaxy extinction. Malmquist

bias arises from telescope and instrument sensitivity, which are favored to observe GRB

afterglows with bright luminosity functions. The redshift desert extends from 1.3 < z < 3

where it is more difficult to observe absorption and emission spectra in the optical. Within

the redshift desert, the main rest-frame optical features from host galaxies (e.g. the [O III]

λ3727 line, Hα, and Hβ) become more difficult to detect as they move to the IR. Finally,

there are GRBs whose afterglows are likely obscured by host galaxy extinction. [30, 31,

32, 33] These “dark burst” afterglows are measured in the NIR, and occur in high redshift

galaxies with evidence of dust extinction.

1.1.3 The “Fireball” Model

The dominant model used for interpreting GRB observations has been the jet-like

fireball shock model for decades [34]. While initial theories for GRBs assumed spherical

symmetry, this model did not provide the required efficiency to generate the powerful events

that have been observed. The “fireball” in this context is “an optically thick plasma whose

temperature exceeds the electron rest mass and which can produce e± pairs and photons in

equilibrium with a baryonic plasma.”[35] The fireball model for GRBs involves a compact in-
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ner engine where injected γ-rays are trapped by electron-positron pair production.[36] This

fireball then expands as it cools, causing acceleration of the baryons within this region. As

the plasma becomes optically thin, the baryonic matter interacts with the external medium

creating shocks that reconvert the expansion kinetic energy into radiative energy.[37, 38]

In this model (represented in Figure 1.3), the expansion occurs in multiple shells with

different Lorentz factors, and the internal shocks between these shells create high energy

γ-rays via either synchrotron emission or inverse-Compton up-scattering.[36] This first part

would be observed as prompt emission of γ-rays and X-rays.[39] The relativistic jet would

then experience an external shock when interacting with the surrounding ambient medium,

causing a longer lived afterglow emission across the EM spectrum.[37]

The central engine for a collimated ultra-relativistic structured jet requires a very

large amount of angular momentum. This requires a rapidly spinning compact source,

likely an accreting black hole [40, 41, 42], but possibly a rapidly spinning neutron star [43].

The existence of the two populations of GRBs based on T90 shown in Figure 1.2, suggests

the existence of two different progenitors for sGRBs and lGRBs. The leading progenitor

for sGRBs are two merging compact objects including at least one neutron star.[44] This

was long suspected to be the case for this population [17], and was confirmed with the near

simultaneous detection of GW 170817 in which a NS-NS merger was detected by LIGO,

and short GRB 170817A was detected by Fermi and INTEGRAL.[20, 45] The kilonova

and afterglow associated with this GW event were then detected by Swift, and other EM

instruments.[20, 45] Long GRBs are typically associated with the extreme core-collapse

supernova of a massive star (hypernova), which was determined through measurements

discussed in § 1.1.2. These are not strict associations, as demonstrated by GRB 230307A,
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Figure 1.3: Depiction of the fireball model for GRBs. In this image it shows black
hole acting as a compact engine powering a jet of ultra-relativistic particles that is re-
leased in several shells. This then shows how collisions between these shells can cre-
ate internal shocks, causing fluctuations in the released photons. It also shows external
shocks created when the jet collides with the external ambient medium, which then cre-
ates the afterglow. Image Credit: By NASA/Goddard Space Flight Center/ICRAR. -
https://en.es-static.us/upl/2019/11/gamma-ray-burst-mechanism-lg.jpg

for which the optical/IR counterpart was classified as a lanthanide-rich kilonova despite its

long duration.[46]

1.1.4 Afterglow Observations and the “Fireball” Model

As discussed above, the fireball model has been a key framework in understanding

GRBs. Each of its components have mechanisms that need to be verified, and quantified

with observation. Afterglows provide powerful insight into these mechanisms. Depending

on the jet collimation angle, the jet-break time can be observed in the optical/IR, as
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accomplished for the brightest GRB of all time, GRB 221009A [47]. Also, the rise and

peak of the GRB afterglow are observable in the optical/IR, whereas the rise and peak of

the X-ray afterglow are obscured by the tail of the higher energy γ-ray prompt emission. As

discussed above, lower energy photons are assumed to be from the reverse shock, thus the

optical/IR afterglow is assumed to correspond to the decelerating radius of the expanding

fireball. The fireball Lorentz factor at the time of the peak afterglow, td, is half the initial

Lorentz factor, Γ0.[48] Using this method for inferring the deceleration radius, the radii

of both GRB 060418 and GRB 060607A is ≈ 1017 cm, and the initial Lorentz factor

is Γ0 ∼ 400, thus confirming the highly relativistic nature of these fireballs.[49] With

this Lorentz factor calculation, the total isotropic energy of the burst, Eiso can also be

derived [50], along with a correlation between isotropic luminosity, peak energy emission,

and Γ0 [51]. It is worth noting that Eiso is a standard quantity that is calculated assuming

that the observed energy is isotropic, but this is not a statement of the actual emitted

energy or that the energy is really emitted isotropically.

1.2 Thesis Overview

This thesis focuses on the development of instrumentation, software, and observa-

tions with the aim of studying GRB counterparts in the NIR. The instrumentation effort

has been quite successful as PRIME is already on-sky observing transients, and RIMAS

has been accepted by Lowell Observatory pending a few minor adjustments. Each of the

data reduction pipelines for these instruments have been completed, and the imaging data

reduction software is already in use.
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Chapter 2 – RIMAS Instrumentation Most of this thesis work is concentrated on

developing, testing and characterizing RIMAS so that it can be deployed to LDT and used

to study transients. RIMAS is an imager spectrometer operating in the NIR (0.97-2.37 µm),

and is designed specifically to follow-up detections made by Swift. Using its simultaneous

multi-band observations, it can quickly identify and classify objects in imaging mode, and

then can quickly switch to one of its spectral modes to gain further valuable information

about transients. This chapter discusses the effort to get RIMAS to the point where

it will be mounted to the telescope and acquiring observations as accomplished through

the development and testing of detector systems, imaging and spectral modes, cryogenics,

cryogenic mechanisms, and housekeeping electronics. Furthermore, each of these items

needed to be fully characterized in order to understand the quality of data expected from

RIMAS, and ensure reliability of the instrument. Through these efforts, RIMAS has become

a much more sensitive and reliable instrument that will be installed on LDT within the

next few months.

Chapter 3 – RIMAS Data Reduction A key component of preparing RIMAS to be

immediately useful after commissioning is the development of data reduction software prior

to deployment. RIMAS required development of three types of data reduction software:

detector data reduction, spectral data reduction, and photometry data reduction. The

detector data reduction software is key to creating single images from sample-up-the-ramp

(SUTR) frames with the lowest possible noise levels. This reduction is done by integrating

tools and methods developed for Nancy Grace Roman Space Telescope and James Webb

Space Telescope (JWST) that use multiple techniques to remove correlated noise, and arti-

facts from cosmic rays. This software is well integrated into the data acquisition software,
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making its use seamless for observers. Spectral data reduction creates both wavelength and

flux calibrated spectra from the initial images taken of these spectra. The spectral data

reduction was based off of code already developed for IGRINS [52], another ground based

NIR cross-dispersed spectrograph. Adapting this for RIMAS involved precise calibration of

the echelle spectrograph, and heavy edits to the overall code. Photometry data reduction

software calibrates each set of exposures for flux and astrometry. RIMAS’s pipeline was

developed in Vicki Toy’s thesis work [53], but was heavily updated during the course of

this thesis as well.

Chapter 4 – PRIME Instrumentation This chapter discusses the development, test-

ing, commissioning, and operation of the camera for the PRIME telescope. PRIME is

a 1.8 m telescope with 1.56 square degree FOV (0.5′′/pixel) operating in the NIR (0.82-

1.78 µm) located in Sutherland, South Africa at the South African Astronomical Observa-

tory (SAAO).[3, 54, 55] After a couple of years of development, the PRIME camera was

commissioned in October 2022. Since then PRIME has been carrying out a time domain

survey of the Galactic Bulge searching for microlensing events, following up high energy

transients (GRBs, X-ray bursts, gravitational waves, and supernovae), and performing an

all-sky survey in J-band. The instrumentation and software efforts described in this chap-

ter greatly overlap with RIMAS instrumentation efforts as they were developed in parallel.

There were a lot of lessons learned from each project that were able to inform the other.

This overlap has led to the development of two robust instruments.

Chapter 5 – Final Considerations This chapter summarizes the goals and efforts made

in this thesis. It also discusses future work that should be done so that the primary projects,

RIMAS and PRIME, can reach their full potential in studying GRBs.
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Chapter 2: RIMAS Instrumentation

2.1 Overview

Rapid infrared IMAger Spectrometer (RIMAS) is a flexible tool for a variety of imag-

ing and spectroscopic studies that require fast reaction (∆t ⪅ 3 min) in the near infrared

(NIR), such as GRB afterglows.[56, 57] It will acquire these observations using the Lowell

Discovery Telescope (LDT)2.1, a 4.3 m telescope operated by Lowell Observatory in Happy

Jack, Arizona. RIMAS is a fully cryogenic instrument and operates simultaneously along

two optical arms: one covering H and K bands (HK) and the other covering Y and J bands

(YJ). RIMAS is designed for photometry, low resolution spectroscopy (spectral resolving

power, R∼30 and 300), and moderate resolution spectroscopy (R∼5000). Where spectral

resolving power, R, is a measurement of the ability of a spectrograph to resolve features

in an observed spectrum, and is defined in Eq. 2.1 where λ is the wavelength and ∆λ

is the smallest difference in wavelengths that can be resolved. It accomplishes this using

a continuously running Stirling cryocooler, a dichroic mirror, Y, J, H and K broadband

filters, two Volume Phase Holographic (VPH) gratings, ZnSe grisms with cross dispersers,

and HgCdTe Astronomy Wide Area Infrared Imager (HAWAII) 4k x 4k Readout with Ref-

erence Pixels and Guide mode (H4RG) detectors, shown in Figure 2.6. RIMAS is a flexible

tool with both imaging and spectral modes available. Commissioning of this instrument is
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scheduled to begin during the first half of 2025.

R =
λ

∆λ
(2.1)

Throughout the course of working on this thesis, much has been done to complete

this instrument. This has involved replacing RIMAS’s previous science detectors, readout

electronics, cryocoolers, vacuum gauge, temperature monitor and controllers, communica-

tions equipment, cryogenic mechanisms, cold plate, and optical bench based on testing and

desired improvements. Various upgrades were also made during RIMAS’s development,

the baffling was enhanced to improve background, the R∼300 spectral mode was added,

insulation was improved, the electronics mounting was completed, and the water cooling

system was added. Discoveries during integration also necessitated the replacement of the

cold plate and optical bench. During all of these replacements, upgrades, developments

and repairs, the entire system was characterized, tested, and brought to the point of being

ready for deployment at LDT. This involved measuring detector properties, characterizing

the dispersion from the spectrographs, analyzing the image quality, measuring the thermal

regimes, and measuring filter backgrounds. Although there are always more improvements

that can be done, RIMAS has become ready for deployment during the course of this thesis

work.
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Figure 2.1: Photographs of the LDT observatory and telescope, and a map showing LDT’s
location in Happy Jack, Arizona outside of Flagstaff, Arizona.

2.2 RIMAS project background

2.2.1 Science Goals

RIMAS is designed specifically to identify and study high-redshift GRBs detected by

Swift.[56, 57] RIMAS’s NIR multicolor imaging [58] and spectroscopy modes make it well

suited to this task. The imaging mode has a field of view (FOV) of 3′x3′, which is well suited

to Swift BAT localizations (error diameter 1′ to 5′ [59]). This allows for RIMAS follow-up

observations before Swift XRT localization, 5′′ diameter, is available. If the detected GRB

afterglows are bright enough, RIMAS can quickly (tens of seconds) switch to one of its

spectroscopy modes. With spectral resolving power options across three different orders of

magnitude, RIMAS is well suited to maximizing the data that can be acquired from any
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individual event.

Rapid follow-up using multiple observation methods is crucial for identifying a new

transient and promoting additional follow-up from other instruments within the General

Coordinates Network (GCN). GRB afterglows can be quickly identified via multicolor pho-

tometry and spectroscopy. Furthermore, spectroscopy can identify the redshift of an object

and help illuminate the type of transient being observed. This is especially helpful when fol-

lowing up potential electromagnetic counterparts of LIGO/Virgo/KAGRA (LVK) events,

in order to determine whether the observed distance is within the LVK’s detected distance

range, and easily rule out other transients such as supernovae (SNe).

A good case study of interesting science that can be achieved with RIMAS can be

found in our successful Swift cycle 20 proposal.[4] In this proposal, we outline how RIMAS

spectra of high redshift GRB afterglows can be used as line-of-sight probes (Figure 2.2)

to study the intergalactic medium (IGM) at high redshifts (z ≳ 7), which will be used to

study the epoch of reionization through measurements of the neutral hydrogen fraction.

Understanding both the precise time history and the sources responsible for cosmic reion-

ization remains one of the most sought-after goals of modern cosmology. The discovery

of Gunn-Peterson troughs, spectral absorption due to neutral hydrogen, in the spectra of

z ≳ 6 quasars (QSOs [60]) implied at least a modest neutral hydrogen fraction (xH I) at

this time. However, observations of the cosmic microwave background (CMB [61]) indicate

a significantly larger characteristic reionization redshift (zreion ≈ 10). It may be possible

to reconcile these two seemingly contradictory observations if reionization were to occur

slowly with a large degree of small-scale variation. Many more sightlines are needed to test

this hypothesis, something not possible for QSOs with current instrumentation.[4]
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Figure 2.2: Diagram showing how GRB afterglows can be used as a line-of-sight probe to
study the CGM, IGM, etc. between the observer and the GRB location. As can be seen
here, the light emitted from the GRB afterglow interacts with the matter in this sight-
line. This interaction is then observed in the observed afterglow spectrum. Image credit:
https://www.astro.umd.edu/~pgatkine/research.html

16

https://www.astro.umd.edu/~pgatkine/research.html


While both QSOs and the CMB have been used to study reionization for some time,

long-duration γ-ray bursts (GRBs) are a relatively new probe of the high-redshift universe

(e.g. [62]) as studying the absorption features in their afterglow spectrum will illuminate

the composition of the IGM. GRBs offer several theoretical advantages over QSOs for

constraining xH I near the epoch of reionization. First, though short-lived, their afterglow

emission can significantly outshine even the brightest QSOs (e.g. [63, 64, 65]). Second, the

power-law afterglow spectral energy distributions are significantly simpler to model than

QSOs, leading to more precise xH I measurements [66]. Third, GRBs are not biased towards

the most massive halos [66] because they result from the core-collapse of a single massive

star.[4]

Thanks to more than 20 years of painstaking effort from the community, we are finally

on the cusp of using GRBs to make meaningful measurements of the neutral hydrogen

fraction at cosmologically interesting redshifts (z ≳ 7). The discovery of GRB090423 at z ≈

8.2 [67, 68], the most distant spectroscopically confirmed source in the universe (Figure 2.3),

along with the measurement of a photometric redshift of z ∼ 9.4 for GRB090429B [25],

unambiguously establish that GRBs explode and are detectable at the relevant redshifts

of interest. In fact, we have relatively precise constraints on the rate of such events from

unbiased Swift samples: approximately a few percent of the Swift population resides at z ≳

7 (1–2 events per year; [69, 70]). Furthermore, high signal-to-noise ratio (SNR) spectroscopy

of the z = 5.913 GRB130606A and z = 6.33 GRB140515A (Figure 2.3) enabled strict upper

limits on the neutral hydrogen fraction from the profile of the Lyman-α red damping wing

for the first time [71, 72, 73, 74].[4]

Despite these remarkable successes, as a community we still lack the ultimate prize:
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Figure 2.3: Left panel : NIR spectrum of the afterglow of the z = 8.2 GRB090423 [67],
obtained with ISAAC on the VLT at a full 16 hr after the burst trigger time. While the
sharp break in the spectrum (consistent with that obtained from broadband photometry)
indicates a redshift of z ≈ 8.2, the low SNR precludes meaningful constraints on xH I. Right
panel : Redshift evolution of the IGM from GRBs and quasars. Recent observations of
GRB140515A (blue and red [74]) and GRB130606A (cyan and green [71]) are compared
with limits from quasar observations. Even with just a small number of sightlines, GRBs
can provide powerful constraints at redshifts z ≲ 6. However, thus far, no high SNR
spectra of a GRB afterglow has been obtained at a redshift directly probing the epoch of
reionization (z ≳ 7).

meaningful constraints on xH I at a redshift of interest for reionization (z ≳ 7). Given that

Swift has likely detected ≳ 15 events over the course of its lifetime at these distances,

the bottleneck is clear: a lack of promptly available NIR imaging and spectroscopy on

moderate/large aperture telescopes. At z ≳ 7, rest-frame Lyman-α is redshifted into the

observer-frame NIR. While many promptly available optical facilities automatically re-

spond to Swift GRB alerts, the number of readily available NIR imagers, and, to an even

larger degree, spectrographs, is remarkably small [GROND, NIRI (Gemini), X-SHOOTER

(VLT)]. Without NIR capabilities, which RIMAS is designed to provide, it is nearly im-

possible to distinguish between events that are optically faint because they are obscured

by dust (a significant fraction of the Swift population; [69, 70, 75]) and true high-redshift

GRBs, let alone measure xH I from the red wing of Lyman-α.[4]
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2.2.2 Design

RIMAS is designed to allow for quick and efficient observations across multiple modes

and spectral bands. This design is complimented by the design of LDT’s Ritchey-Chrétien

cube, which allows for the installation of five continuously operating instruments.[76] These

instruments can be switched between using its deployable fold mirrors. By choosing one of

these fold mirrors to be dichroic, it is possible to simultaneously operate optical and NIR

instruments.[77] Due to this design, RIMAS receives NIR light (Figure 2.4), wavelengths >

0.97 µm, from LDT while observations with LDT’s optical imager, LMI, are simultaneously

available.

Once this light is received from LDT, it takes the path shown in Figures 2.5 and 2.6.

First, it passes through the CaF2 window, into the dewar where all components are kept at

cryogenic temperatures around 90 K. At this point, a number of apertures can be selected

using the aperture wheel in Figure 2.7[b]. The open aperture for imaging, the short (6′′) slits

for all spectroscopic modes with varying widths (0.6′′, 1.2′′ and 2.5′′) for different seeing,

a long slit (insert dimension here) for low resolution spectroscopic modes, and a blank for

calibrations. The slits are reflective and mounted at an angle so that the reflection can

be seen by the slit viewing optics. This allows for the location to be viewed while spectra

are being acquired, and allows for quick alignment of the spectrograph with the target.

Directly after the aperture, there is an auxiliary filter wheel (Figure 2.7[c]) that allows

for any 1 inch filter to be installed based on an observer’s science case. At the moment,

multiple narrow band filters that were available in the lab are installed, another blank

and an extra K band filter are included to test the system. Next, the light is collimated

19



through a five-lens assembly. It is then split along the two optical arms with 0.97 µm

through 1.35 µm reflecting towards the YJ filter/grating wheel and the 1.35 µm through

2.37 µm light continuing towards another mirror and the HK filter/grating wheel. Both

filter/grating wheels (Figure 2.7[a]) contain two broadband filters and an open slot for

imaging, a VPH grating (R ≈ 30), a VPH grating and prism assembly (R ≈ 300), and

an echelle grating assembly. The broadband filters along the YJ path are Y and J, and

the broadband filters along the HK path are H and K. The filtered or dispersed light is

then focused by another five-lens assembly and detected by an H4RG-10 detector. The

detectors are each on a focusing stage that allow for movement of the detector along the

beam. There is a steep drop-off in the detectors’ Quantum Efficiency (QE) around 2.5 µm

so any longer wavelength light passing through the dichroic mirrors is unlikely to cause any

issues with instrument performance.[78]

2.3 Detector Background

Throughout this thesis work, there is a lot of discussion and exploration of NIR

detectors. To aid with this, a brief description of how these detectors work, detector

attributes, and detector readout systems are included in this section.

2.3.1 Detector Array Description

These arrays have two types of pixels, photosensitive and reference. The photosen-

sitive pixels make up the vast majority of the array, and are the pixels used to gather

observations. The reference pixels are not photosensitive, but are designed to electrically
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Figure 2.4: Model of LDT’s instrument cube showing the beam coming into the cube and
NIR light reflecting off of a dichroic mirror into RIMAS’s aperture. RIMAS’s electronics
rack is also shown mounted to the cube.
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Figure 2.5: Model of RIMAS’s optical path after receiving light from LDT lightly edited
from John Capone’s thesis [79]. As can be seen here, the beam from the telescope passes
through (1) the aperture wheel located in the telescope’s focal plane, (2) passes through
the auxiliary filter wheel directly behind the aperture wheel, (3) becomes a parallel beam
after traveling through the 5 lens collimator assembly, and (4) is split by wavelength into
shorter (YJ) and longer (HK) wavelengths by a dichroic mirror. Each of these two beams
then travel through (5) a filter and grating wheel, (6) are refocused by a 5 lens camera
assembly, and (7) finally reach the detector located in the camera assembly’s focal plane.
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Figure 2.6: (a) Picture of the internal parts of RIMAS with the various optics and
detector parts labeled. The path of the incoming light is also shown with the incoming
NIR light from LDT (green arrow), the longer wavelengths (yellow arrows) and the shorter
wavelengths (blue arrow) shown split by the dichroic mirror. (b) RIMAS optical assembly
with fewer baffles installed in order to show more of the components.
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Figure 2.7: Pictures of each type of wheel with the various slots labeled. (a) Broadband
filter and grating wheel. There are two of these wheels, one for each wavelength range.
Both wheels have the three gratings shown (optimized for the specific wavelength range),
and two broadband filters Y and J for the shorter wavelengths, H and K for the longer
wavelengths. (b) Aperture wheel. This is the first component light from LDT travels
through after the window. It contains an open aperture, a blank, three short slits and one
long slit. (c) Auxiliary filter wheel. This wheel is directly behind the aperture wheel. It
contains a large aperture for use with the broadband filters shown in (a), and six 1 inch
filter slots to be used with the open aperture in (a).
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mimic the photosensitive pixels. Since they are read alongside the photosensitive pixels

they can be used to remove correlated noise as discussed in §3.2.4. HxRG detectors have a

four pixel wide border of reference pixels.

2.3.2 Detector Parameters

Before we discuss the detector testing, it is important to describe and define the

various detector properties of interest.

2.3.2.1 Non-Destructive Reads

Unlike charge coupled devices (CCDs), hybrid detectors arrays like the HxRG can

read non-destructive. This the accumulated charge on each

2.3.2.2 Read Noise

Read noise is the noise generated by the electronics. This noise is primarily made up

of a few types: shot noise, thermal noise, and 1/f noise. Shot noise comes from random

events from small particles that occur in discrete packets, mostly electrons and photons1.

Thermal noise comes from thermal agitation of electrons in a circuit, and is proportional

to both the temperature and the bandwidth. 1/f noise, also called pink noise, is noise that

is proportional to a power of the inverse frequency (1/fα). Given the non-destructive read

capabilities, each pixel’s charge can be read without eliminating the charge, of these HxRG

detectors, the read noise is calculated based on the sampling method, so the values may

1Ideally, the read noise is measured in a state where very few detectable photons are present. This is
accomplished by blocking light with a dark blank, and by shortening the time where photons can interact
with the detector.
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be given as correlated double sampling (CDS) read noise or as FowlerX read noise. Both

of these sampling methods are described in §3.2.2.

2.3.2.3 Dark Current

Dark current is the small electric current that flows through a photosensitive detector

without photons creating the signal. Since our detectors are an array of photodiodes,

this can be accurately thought of as the reverse bias leakage current that is present in all

diodes. Although this signal can be subtracted off, it has its own shot noise associated with

it caused by the quantum tunneling of electrons, and thus adds to the overall noise in an

exposure.

2.3.2.4 Total Noise

Total noise is the totality of noise measured over a typical exposure time. This

measurement includes read noise, dark current, effects from nonlinearity, light leaks, and

anything else that might happen over a typical exposure.

2.3.2.5 Bias

Bias is the base level readout of the detector. This is subtracted off through the use

of any of the SUTR data reduction methods described in §3.2.
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2.3.2.6 Saturation

Saturation is the level at which the maximum amount of photons has been measured,

and thus additional photons no longer change the measured value. For RIMAS’s detectors,

this is caused by electrons filling the potential well within the ROIC. Each pixel has its

own saturation value, but the values are typically quite similar. As such, saturation is

sometimes presented as a map, and at other times presented as a singular value.

2.3.2.7 Dynamic Range

Dynamic range is the range over which photon intensity can be measured, which is

set by a combination of the detector dynamic range and the readout electronics dynamic

range. The detector dynamic range is set by the bias, and the saturation. For these devices,

this value is dominated by saturation The readout electronics dynamic range is set by the

analog to digital converter (ADC). The ADC limits come from a combination of offset

reference voltage, and the amplifier gain value.

2.3.2.8 Quantum Efficiency

Quantum Efficiency (QE) is the measure of the ratio of photons that are converted

into electrons by the detector. This value is variable with wavelength. Ideally, this is as

close to 100% as possible for the wavelengths of interest, and near 0 for wavelengths outside

of this range.
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2.3.2.9 Persistence

Persistence, caused by charge trapping, is signal that crosses from one exposure to the

next after reset. It is most obvious after exposures to bright sources reaching saturation,

and appears as a memory of the previous exposure. In the readout, this appears as a

temporary increase in dark current for the pixels that were subject to a bright source. A

value related to persistence is burn-in, which is a loss of sensitivity in a region caused by

charge trapping.

2.3.2.10 Conversion Gain

ADC conversion gain is the ratio between electrons and analog digital units (ADU).

This value is controlled by the ADC, and is needed to obtain the read noise, and dark

current values in electrons.

2.3.2.11 Linearity

Linearity refers to the relationship between detector response and the number of in-

cident photons. Ideally, the relationship between the number of photons and the ADUs

digitized are directly proportional, i.e. linear. Nonlinearity is mostly noticeable at inte-

grated signal levels near saturation. HxRG detectors do have nonlinearity from charge

buildup within the individual capacitors that read each pixel.[80]
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2.3.2.12 Hot and Cold Pixels

For any detector array, there are going to be a subset that are unusable, which we

refer to as bad pixels. These bad pixels come in two types, hot and cold. Cold pixels

are pixels with low photosensitivity, and are typically caused by the photodiode being

disconnected from the ROIC. Hot pixels may have some photosensitivity, but they have

excessive dark current. Typically it is best to identify these pixels, and exclude them from

further analysis.

2.4 Integration and Testing

RIMAS is made up of many separate components that make up its optical, detector,

vacuum, cryogenic and housekeeping systems. Each of these components need to be unit

tested to ensure that they work to RIMAS’s specifications. Once the individual parts are

shown to work, they need to be fully integrated into the system, and tested again. This is

especially the case with cryogenic components that can be tested well at room temperature,

but when they are brought to operating temperature within the dewar they may become

inoperable. This section discusses the various tests that were performed during this thesis

work, how the components were iterated upon after this testing, and how these components

were integrated into the overall system.

2.4.1 Detector Testing

Even after appropriate detectors are selected, there are a number of issues involved

when incorporating detectors into an instrument. First, there is the readout hardware,
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Detector
Package

JDEM H2RG-18 NIRCAM H2RG-18 RST H4RG-10

Array
Size

2048x2048 2048x2048 4096x4096

Pixel
Pitch
(µm)

18 18 10

λ
Range
(µm)

0.6-2.5 0.6-2.3 0.6-2.5

Readout
Channels

1, 4, or 32 1, or 4 1, 4, 32, or 64

Readout
Time (s)

2.0 5.5 2.8, 2.9

Notes Degraded 1-year loan Final detectors

Table 2.1: Table describing the specifications of the different detectors used in RIMAS’s
development. The actual readout channels used for RIMAS are in bold. The readout time
is based on the time needed for readout given the clocking frequency, readout channels and
references uses in the lab. The WFIRST H4RG-10 had two different readout electronics,
Leach Generation II and MACIE/ACADIA, which is why there are 2 different readout
times provided.

which had a couple iterations for this project. Next, it is important to have well made

harnesses that add minimal noise for communication and powering of the detectors. After

these are settled, robust software that is being maintained is required to keep things running

smoothly. Finally, when a well functioning system is established, the detectors need to be

evaluated for performance.

2.4.1.1 JDEM H2RG Detectors

The initial science detectors selected for RIMAS were the HgCdTe Astronomy Wide

Area Infrared Imager (HAWAII) with 2K x 2K, Reference Pixels and Guide Mode (H2RG)

detectors that were initially part of the JDEM (Joint Dark Energy Mission) development

lot.[81] JDEM was an early iteration of the mission that was initially named the Wide-
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Characteristic YJ HK
Fowler 16 Read Noise (e-) 8.73 7.67
Dark Current (e-/s) 1.2E-3 8.8E-4

Table 2.2: H2RG characterization values from Vicki Toy’s thesis. The dark current was
measured at 80 K.[53]

Field Infrared Survey Telescope (WFIRST), and eventually became Nancy Grace Roman

Space Telescope (RST).[82] These detectors had 2048 x 2048 pixels with 18 µm pixel pitch,

wavelength sensitivity cutoff at 2.5 µm and 32 readout channels.[81] The 32 enabled readout

channels allowed for quick readout of the detector array, ≈0.7 s. These detectors were read

and controlled with the Leach Generation II electronics described in §2.4.1.4 and the system

was evaluated by Vicki Toy in her dissertation.[53] The cryogenic harness for these detectors

and electronics used 32 stainless steel coaxial lines to read the 32 analog channels from the

detector, twisted pair copper wire for the bias signals, and twisted pair phosphor bronze

wire for the clocking signals. In this evaluation (summarized in Table 2.2), the the dark

current and read noise were low and well within RIMAS’s requirements. These detectors

were well integrated with RIMAS mechanical, electrical and software systems.

Unfortunately, the detectors experienced significant degradation since this evaluation

due to an issue with early iterations of these devices [83] that results in large numbers of

shorted pixels. These shorted pixels appear in a couple ways: some have such high dark

current that the pixels saturate very quickly, and others have very nonlinear dark current.

This degradation caused roughly half of the pixels to photo-insensitive or too noisy for

effective use. Despite being fairly confident of the source of these shorted pixels, lower

biases across the detector were tested since there is a correlation between dark current and

detector bias. When looking at this data qualitatively, there was no apparent change in
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the number of shorted pixels. As a result, it was determined that these H2RG detectors

were inadequate for our purposes and a different pair were required.

2.4.1.2 NIRCAM H2RG Detectors

While we awaited permanent replacement science detectors, we received a 1 year

loan of a pair of NIRCAM short wave package H2RG detectors in February of 2020. These

detectors have high QE (90%) from 0.6-2.3 µm, and similar noise statistics to non-degraded

JDEM detectors.[84] However, they only have 4 readout channels causing the readout time

to increase from ≈0.7 s to ≈5.6 s. Unfortunately, due to the pandemic, integration progress

was slow with these detectors. A harness was developed to read these detectors using

the same Leach Generation II electronics described in §2.4.1.4, and the same cryogenic

harness materials described in §2.4.1.1. The software for the initial JDEM detectors was

then edited to work with a 4 channel readout instead of 32.[85] After the harnessing and

software changes, these detectors were successfully tested at room temperature. Once these

steps were complete, we received the permanent science detectors (§2.4.1.3), so no further

testing was performed.

2.4.1.3 RST Test Package H4RG Detectors

The final pair of science detectors used for RIMAS are the evaluation package H4RG-

10 detectors developed for RST. These detectors have a 4096x4096 array of pixels with

10 µm pitch, allow up to 64 readout channels, and have QE2 from 0.6-2.5 µm.[78] This

means that the overall array size is only slightly larger than an H2RG-18, and there are

2The QE is above 90% over the wavelengths observed by RIMAS.[78]
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almost 4 pixels in the space where one pixel was in the previous arrays. The read noise,

dark current, crosstalk, QE, etc. are also typically better in these devices than their H2RG

counterparts. Even without accounting for the degradation of the previous detectors, these

new devices are an improvement over the previous generation.

2.4.1.3.1 Leach Readout Electronics

The initial readout electronics for RIMAS’s detectors were the same two Leach Gen-

eration II controllers that were in use since the start of the project. Using the Leach

controllers with the new detectors required updated harnessing, PCIe cards, and software.

This initial setup was appealing since the controllers were already in hand, and a seemingly

straightforward path to adjusting the setup for these detectors was apparent.

The new internal harnessing was modeled off of the initial JDEM package detector

harnessing, whereas the exterior harnessing remained constant. Stainless steel coaxial ca-

bles were used for each of the 32 readout channels with the analog outputs applied to core,

and the analog ground applied to the shield. These signals are in turn connected Leach

video card positive and negative ADC inputs. Clocking signals were provided using phos-

phor bronze twisted pairs where each of the clocking signals were paired with the digital

ground signal. These signals were controlled by the Leach controller clocking board. The

bias signals were provided by copper twisted pairs where each of the bias signals are paired

with an analog ground signal.

The next step in integrating the new detectors was to update the detector control

software. The software discussed in §2.4.1.1 and §2.4.1.2 was edited to work with the
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larger array. Unfortunately, the new detectors require a specific serial command to reset

the accumulated voltage in the ROIC, and this software was not configured to send this

command. At this point, there were two options: attempt to edit the legacy software, or

pivot to new software. Since there was already software from the Detector Characterization

Lab (DCL) at NASA GSFC to use Leach controllers with the H4RG devices, we decided

to pivot to this new software that was already being used with a Leach Generation III

controller in the lab. The only hardware change required for this software change was

swapping an ARC-64 PCI card for an ARC-66 PCIe card, which should have been trivial.

Based on recommendations from Bob Leach, we decided to update the software while

adapting it for use with a Generation II controller in order to future proof the software.

This update was intended to switch from Python 2 to Python 3 (an update that had already

been implemented in other systems), switch from Windows/Scientific Linux (discontinued)

to Ubuntu, and switch to the latest version of ARC API. This updated software seemed

to work initially until the offset voltages were altered such that the readout values were

not 0 or 65535. When this change was made, the system would error out. After months

of troubleshooting, it was determined that the issue was with the new ARC-66 PCIe cards

which contained faulty chips. Once these were repaired, the system was successfully tested

with the original Generation III version of the code that was being used in the lab, and the

desire to use an updated codebase was abandoned.

Unfortunately, after this successful integration was complete, Bob Leach closed As-

tronomical Research Cameras, Inc., liquidated its assets and moved to France.[86] This

created concerns that replacement parts for damaged components would be very difficult

to obtain, and software would go without maintenance. In fact, a few months after this
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shutdown, the signature for the ARC-66 PCIe Windows drivers were not renewed, which

prevented the ARC-66 cards from being installed in any new Windows systems. On top

of this, the internal harnesses were very fragile, and had issues with the coaxial shields

becoming electrically disconnected. These disconnections were risky to repair, since the

entire output was at risk of permanent damage from possible shorts induced during the

repair process. Disconnected shields for outputs outside of the FOV were ignored, but

needed outputs were repaired.

Instead of using Leach controllers as readout electronics for its detectors, RST uses

Application Specific Integrated Circuits (ASICs) for Control And Digitization of Imagers

for Astronomy (ACADIAs), which are in turn controlled by an Field Programmable Gate

Arrays (FPGAs). Fortunately, while PRIME was being developed to use ACADIA readout

electronics, duplicates of harnessing and a Multi-purpose ASIC Control and Interface Elec-

tronics (MACIE) were acquired for RIMAS in case more ACADIAs became available. The

MACIE is the FPGA used to control the ACADIAs for both PRIME and RIMAS now,

whereas RST uses similar devices more suited to handling its 18 detector array. These

ACADIAs did become available, and given the risky nature of the Leach Generation II

setup, we decided to pivot to the electronics and hardware that had already been well

tested with PRIME.

2.4.1.3.2 MACIE-ACADIA readout system

As mentioned above pivoting to a MACIE-ACADIA readout system was relatively

straightforward since the necessary hardware was already in hand in anticipation of ac-
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quiring ACADIAs. Also, the detector software had already been developed and tested

thoroughly on sky by PRIME. Besides avoiding the Leach Generation II pitfalls discussed

above, the MACIE-ACADIA system has a number of upsides. ACADIAs digitize detector

data at cryogenic temperatures, which reduces electronic noise. Also, using RST’s hardware

with RIMAS’s H4RG detectors allows us to leverage the noise removal and data reduction

pipelines developed for RST. Another benefit of the MACIE-ACADIA system is that this

hardware has a mass of a couple small PCB boards, while the Leach controllers and power

supplies weigh ≈15 kg. This reduction in mass helps reduce the strain on LDT’s hardware.

One downside to switching to this readout system is that each ACADIA emits≈0.5 W,

which increases the heat load in the cryogenic space. This heat was offset by improving

the cold shielding as discussed in §2.4.8.1.

Despite already having the harnessing in hand, and having already tested the pinouts

to ensure that they were correctly manufactured, there were still a couple issues. Some

of the conductors had become disconnected due to poor soldering quality. Once this was

discovered, these connections were repaired in house. After the harnessing was repaired,

we were able to successfully test the system.

2.4.1.3.3 Characterization

In order to fully understand the capabilities of RIMAS’s detectors, some characteri-

zation is required. Here, the methods used by RST in their own characterization [78], are

duplicated to measure the CDS read noise, total noise, and dark current. To acquire this

data, a mirror was put in place to cover the aperture and limit stray light. The filters were
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set to blank aperture, with another blank on the auxiliary wheel, and the YJ/HK filter

wheels set to grism. This setup minimizes the number of photons with their accompanying

shot noise that reach the detectors. CDS noise (Figures 2.8 and 2.9) was measured by

taking 5 exposures of 100 frames (286 s) up the ramp3, subtracting subsequent frames in

pairs, and calculating the standard deviation for each pixel across each of these subtracted

pairs up the ramp. Finally, a median is taken across the different exposures to determine

the CDS noise for each pixel. Total noise (Figure 2.12 and 2.13) was determined by 100

exposures of 55 frames (157 s) up the ramp, and applying a linear fit for each pixel up the

ramp. The standard deviation of the slope for each pixel was then calculated across the 100

exposures, giving the total noise for each pixel. Dark current (Figure 2.10 and 2.11) was

calculated by taking 4 exposures of 2626 frames (≈2 h) frames, and calculating a linear

fit for each exposure. Taking the median of the slope for each pixel across the 4 expo-

sures gives that pixel’s dark current. In these measurements, there is a clear signal in the

HK data from a light leak. The baffling has been improved since these calculations were

done, and this leak is seemingly eliminated. This will improve the dark current and read

noise measurements. Improvements could also be made to the read noise by implementing

correlated noise removal with methods similar to the Simple Improved Reference-pixel Cor-

rection (SIRC) [87] algorithm. Measurements of gain, persistence and crosstalk still need

to be conducted.

3Frames “up the ramp” refer to images acquired while charge was still accummulating on the detector.
More information can be found in §3.2.2
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Figure 2.8: (Bottom) The pixel by pixel calculations of the CDS read noise for the YJ
detector shown as they appear on the detector array, shown with the (Top) corresponding
histogram and cumulative total plots showing the distribution.
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Figure 2.9: (Bottom) The pixel by pixel calculations of the CDS read noise for the HK
detector shown as they appear on the detector array, shown with the (Top) corresponding
histogram and cumulative total plots showing the distribution.
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Figure 2.10: (Bottom) The pixel by pixel calculations of the dark current for the YJ
detector shown as they appear on the detector array, shown with the (Top) corresponding
histogram and cumulative total plots showing the distribution.
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Figure 2.11: (Bottom) The pixel by pixel calculations of the dark current for the HK
detector shown as they appear on the detector array, shown with the (Top) corresponding
histogram and cumulative total plots showing the distribution.
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Figure 2.12: (Bottom) The pixel by pixel calculations of the total noise for the YJ detector
shown as they appear on the detector array, shown with the (Top) corresponding histogram
and cumulative total plots showing the distribution.
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Figure 2.13: (Bottom) The pixel by pixel calculations of the total noise for the HK detector
shown as they appear on the detector array, shown with the (Top) corresponding histogram
and cumulative total plots showing the distribution.
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2.4.1.4 Leach Generation II Readout Electronics

A commonly used system in astronomy for controlling and reading imaging detector

arrays are Leach Controllers4 developed by Bob Leach specifically for this purpose.[86] RI-

MAS’s initial readout electronics were two Leach Generation II controllers, each containing

communication, bias, clocking and 4 video cards. Each of the video cards can perform digi-

tization for 8 detector readout channels. External harnessing consists of hermetic MDM-100

pigtail connectors with connections split between the different Leach Controller cards. In-

ternal harnessing uses wire material meant for limiting thermal transfer, as discussed in

§2.4.8.1. Stainless steel coaxial cables were used for each of the detector readout channels

with the analog outputs applied to core, and the analog ground applied to the shield. These

signals are in turn connected Leach video card positive and negative ADC inputs. Clocking

signals were provided using phosphor bronze twisted pairs where each of the clocking sig-

nals were paired with the digital ground signal. These signals were controlled by the Leach

controller clocking board. The bias signals were provided by copper twisted pairs where

each of the bias signals are paired with an analog ground signal. The Leach controllers

communicate with the control computer via fiber, and an ARC PCI/PCIe card.

2.4.1.5 MACIE-ACADIA Readout Electronics

The MACIE-ACADIA readout electronics harnessing, and software were initially de-

veloped for PRIME, so the system is described in better detail in §4.3.1. The differences

in integrating these electronics for RIMAS are somewhat trivial: the harnesses are slightly

4Leach controllers are also known as Astronomical Research Camera (ARC) Controllers [86]
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longer, and the ACADIAs needed to be mounted differently.

2.4.1.6 Harness Testing

All harnesses, including the detector harnesses, needed to be tested to ensure they

match specifications. This means they needed to be checked for continuity, resistance,

and shorts. Continuity testing ensures that connections between junctions are electri-

cally present. Resistance testing checks that there are no weak connections. Short testing

searches for any connections that should not be present. This can be done with an ohm-

meter, or with a harness tester such as a CableEye [88]. Most harness testing was done

with an ohmmeter, which is particularly time consuming when short testing all possible

combinations in harnesses with large numbers of contacts. Eventually, a CableEye was

borrowed, and all MACIE-ACADIA harnesses were able to be quickly checked for not only

continuity, resistance and shorts, but also crosstalk.

2.4.2 Echelle Spectrograph Testing

One of the more interesting components of RIMAS’s design is the moderate resolu-

tion (R∼5000) echelle spectrograph. Echelle (based on the French word for ladder, échelle)

spectrographs use an echelle grating to disperse light in one direction, and then another

grating to cross-disperse the light again in a perpendicular direction (Figure 2.14). This

allows the spectrograph to operate at high resolution and large free spectral range, the

wavelengths over which different wavelengths’ maxima can be distinguished. This spec-

tral mode is created using ruled ZnSe grisms [89] with correcting prisms and VPH cross-

45



Figure 2.14: Diagram of a grism taken from Zhang, et al. [92]. The echelle grating, a
grism in RIMAS’s case, disperses the collimated beam in one direction. Then, a cross-
dispersing grating, a VPH and prism in RIMAS’s case, disperses these spectral orders in
a perpendicular direction. As can be seen here, the output spectrum has multiple spectral
orders with a spectrum inside of each of those orders.

dispersers. Although JWST’s NIRSpec [90], IGRINS [91], and other ground instruments

perform cross-dispersed spectroscopy in the NIR, RIMAS will be the first NIR spectrograph

to use ruled grisms in cross-dispersed mode for astronomy. A grating prism or grism, is the

combination of a grating and a prism as shown in Figure 2.15. This combination allows for

dispersion without deviation of the beam, and selection of the wavelengths that will have

peak efficiency.

Multiple rounds of testing were performed [1, 2, 5] on this spectrograph. The initial

tests [1] were performed as soon as the newly machined grisms [94] were available, but

these tests needed to be done using the original degraded detectors discussed in §2.4.1.1.

The large additional noise made it difficult to do a thorough inspection, but important

qualitative measures could be made of the dispersion to confirm that they were manufac-
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Figure 2.15: Diagram of a grism taken from page 178 of Palmer [93]. The ray path for
straight-through operation at one wavelength is shown such that the incidence angle, α, is
the opposite of the diffraction angle, β that are measured from GN, the grating normal. The
refractive indices of the prism, grating material and surrounding medium are indicated as
η, ηE and η′; also, ϕ is the prism angle and θ is the groove angle. For RIMAS, the grating
grooves are cut directly into the prism material, ZnSe, so η = ηE. Also, the grism is
surrounded by vacuum, thus η′ = 1
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Figure 2.16: RIMAS echelle assembly. (a) Shows an unmounted grism in the foreground,
and mounted cross-disperser in the background. (b) and (c) Show a completed echelle
assembly.

tured with the expected quality. The next round of tests [2] was much more useful, as the

new H4RG detectors (§2.4.1.3) were installed and working at this point. With the new

detectors, the first measurements of resolving power were possible along with the ability

to detect far more lines than before. There were some much more minor issues with the

data at this point due to the detector biases not being optimized, but most measurements

were useful. Beyond these issues, more care was put into accurately identifying each of the

emission lines (§3.3.3.5) since this round of testing, which allows for a more accurate mea-

sure of wavelength dependent properties. This section will discuss the most recent results

from RIMAS’s echelle spectrograph, which use the new detectors with the final readout

electronics and optimized detector biases.

2.4.2.1 Lab Spectra Acquisition

Spectra of a continuum source (with and without narrow band filters), low-pressure

gas discharge lamps [95], and multiple broadband NIR LEDs were taken in order to test
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various properties of the echelle dispersion. In order to achieve even illumination, multiple

brushed glass diffusers are placed in front of the source in a 1 inch lens tube. One the

end of this tube, a 3 inch lens tube was used as a baffle to prevent other light sources in

the lab from effecting the data acquisition. All exposures of lab sources were acquired in

an ON-OFF-OFF-ON pattern to remove any background from the room. An ON-OFF-

OFF-ON acquisition pattern in this case means that data was acquired with the light

source on, then off, off and on again. This has the benefit of removing any background

from the room that is not from the light source, and also removes the dark current. On

top of removing background, it increases the SNR of the observations by averaging over

multiple observations. Alternating between lights on and lights off exposures in this pattern

also allows for the mean time of each pair to be the same. The downside of taking this

approach with light sources in the lab, is that it does not allow for the light sources to

become thermally stable. Another approach would be to have a shutter in front of the light

source to accomplish the same effect while keeping the source illuminated, and thermally

stable.

Thermal data was acquired of a broadband IR tungsten bulb, where the temperature

and intensity are controlled by an adjustable power supply in the lab. Given that the spec-

tral distribution and intensity of this source can be approximated as blackbody radiation

(Figure 2.17), the intensity of the spectrum is quite different at a wavelength of 1 µm versus

2 µm. As such, higher voltage settings were used to gather data for the YJ spectrograph

(1.9 V) than the HK spectrograph (0.9 V). This helps keep the observed spectra observable

with a high SNR while also avoiding saturation. The thermal data allows for the identifi-

cation of spectral orders, helps identify ghosting and reflections, and gives some measure
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Figure 2.17: Blackbody radiation spectrum of a source with emissivity of 1 at a tempera-
ture of 1900 K, which is the color of the tungsten bulb used for data collection when used
at its highest current.[96]

of the efficiency. Thermal data was also acquired in combination with each of the auxil-

iary filters, which gives a detailed measure of the efficiency of these filters. Low-pressure

discharge lamp spectra of mercury-argon, argon, krypton and xenon were acquired. Each

of these sources were acquired both individually and as a group. This made identifying

the individual lines easier, while also having data that was useful for the echelle reduction

pipeline described in §3.3.2.2. The emission lines for these sources allowed for the verifi-

cation of the dispersion, wavelength calibration, and measurement of the resolving power.

Spectra of broadband LEDs with central wavelengths of 630, 940, 1050, 1550 nm were also

acquired to help identify orders. While multiple iterations of these data were acquired over

the past few years, this discussion will focus primarily on the most recent dataset as it

would be repetitive to go through the previous data and has multiple improvements to the

background and detector readout.
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Beyond the lab sources, solar spectra were also acquired by placing large mirrors

throughout the building corridors in order to direct sunlight into the lab and ultimately

RIMAS’s aperture. This allowed for RIMAS’s first observation of an astronomical object

despite not being mounted to a telescope. This on-sky observation allowed for the analysis

of absorption lines in addition to the emission lines observed with the gas lamps.

2.4.2.2 Dispersion

The first item of interest was whether the dispersion from the spectrograph matched

the model. For this purpose, and to help identify the emission lines, order and wavelength

maps were generated (Figure 3.4) to give the wavelength and order number of each pixel.[97]

Using this identification, Jillian Kunze, an undergraduate Physics and Astronomy student

at University of Maryland, was able to identify the translation, rotation, and rescaling

required (Table 3.1) to match these maps to the dispersion.[97] The fact that the modeled

spectra are easily fit to the observed spectra shows that the grisms were manufactured to

match specifications. This can be seen more clearly in the echelle quick reduction pipeline

discussed in §3.3.1.

2.4.2.3 Reflections and Ghosting

Part of characterizing this spectrograph is searching for detectable unwanted artifacts

created by the dispersion, namely reflections and ghosting. Reflections are caused by light

reflecting off surfaces, and ghosting is the refocusing of these unwanted echoes. Since the

discovery of the JDEM H2RG-18 detector degradation was made directly after receiving
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Figure 2.18: The setup used to acquire a solar spectrum in the lab. The top row shows
each of the mirrors, and labels them a-d. The second row shows the floor plan with the data
acquisition setup diagrammed on top of it. The blue lines represent the mirrors, and are
labeled with the corresponding photo from above. The yellow line represents solar light’s
path to the instrument. The instrument and mirrors in the diagram are not to scale.
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the grisms, the initial tests were done with these less sensitive detectors. Due to this lack of

sensitivity, our initial determination was that there was no ghosting or reflections, and all

detectable light remained in the orders.[1] This would be the ideal scenario. However, after

greatly reducing the background noise by replacing the detectors (§2.4.1.3) and improving

the baffling, it was discovered that there is ghosting, which can be seen in Figure 2.19 and

Figure 2.20. The magnitude of this ghosting is ≈1/10th of the intensity of the dispersion.

Efforts were made to determine the cause of this ghosting by blackening more surfaces

and removing the YJ high-pass filter, but none of these efforts reduced the effect. The

most likely source is from internal reflections from surfaces within the grisms, which is

unavoidable.

2.4.2.4 Resolving Power

An important measurement in finding the usefulness of a spectrograph is its resolving

power, R, a measurement of the ability of a spectrograph to resolve features in an observed

spectrum, and is was previously defined in Equation 2.1. Resolving power is a particularly

interesting when combined with the Doppler Effect to obtain a measure of the smallest

difference in velocities, ∆v, that can be measured as shown in (Eq. 2.2).

R =
c

∆v
(2.2)

Where c is the speed of light. To find the resolving power for RIMAS’s echelle mode,

spectral calibration gas lamp emission lines were identified as discussed in §3.3.3.5, and

the shape of the lines were determined as discussed in §3.3.3.3. Although there are more
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Figure 2.19: A single ON-OFF-OFF-ON reduction of the YJ echelle dispersion of a
tungsten lamp shown with different scaling and zooming. (a) and (b) have the color scale
set from 0 to 1400 to show the ghosting and reflections outside of the dispersive orders. (c)
and (d) have the color scale set from 1400 to 14000 to only show the dispersive orders. This
also shows that the reflections and ghosting are ≈1/10th of the intensity of the dispersion.
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Figure 2.20: A single ON-OFF-OFF-ON reduction of the HK echelle dispersion of a
tungsten lamp shown with different scaling and zooming. (a) and (b) have the color scale
set from 0 to 400 to show the ghosting and reflections outside of the dispersive orders. (c)
and (d) have the color scale set from 400 to 4000 to only show the dispersive orders. This
also shows that the reflections and ghosting are ≈1/10th of the intensity of the dispersion.
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Figure 2.21: Resolving power for the YJ and HK echelle spectrographs calculated using
the wavelengths and FWHM each of the gas lamp identified lines.

Band YJ HK
Resolving power 4550+/-40 4950 +/-50
∆v (km/sec) 65.9+/-0.6 60.6+/-0.6

Table 2.3: Resolving power and corresponding ∆v for both echelle spectrographs.

sophisticated ways to determine ∆λ [98], a reasonable value to use is the full width at half

maximum (FWHM). So, using the mean and sigma determined in §3.3.3.3 along with the

wavelength solution determined in §3.3.3.6, the resolving power of each identified line can

be calculated as shown in Figure 2.21.

2.4.2.5 Efficiency

An important data point around any astronomical instrument is its efficiency, which

limits of what can be observed. Furthermore, if the efficiency does not match the models,

it suggests there are issues with the instrument. Unfortunately, without a well calibrated

lab source this is a difficult value to measure before the instrument is on sky. However,

even with a blackbody source, the edges of the spectral orders, and inherent features of
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the spectrograph can be identified. In Figure 2.22, it can be seen that the blackbody

source spectrum is fairly smooth, and unremarkable except for an absorption feature in

the YJ band at ≈1.35 µm, and an absorption feature at ≈2.3 µm. Comparing with the

modeled intensity plots from John Capone’s thesis [79], it can be seen that these features are

unexpected. Initially, these features were assumed to be from diffusers and optics used for

the lab light sources. However, after looking through multiple datasets taken with different

sources, it was clear that these features exist regardless of light source and optics. After

searching typical glass absorption spectra, it was found that the transmission spectrum for

ultraviolet optimized fused silica has a matching absorption pattern (Figure 2.23). The

density of RIMAS’s window was subsequently measured, and determined to be fused silica

instead of the expected CaF2, which explains this feature. This window was then replaced

with a CaF2 to match specifications, and improve the throughput.

2.4.2.6 Slit Quality

Using the solar spectrum gathering described in §2.4.2.1, the quality of the spectrum

could be tested in the lab with an astronomical object. With this test, absorption lines can

be observed in a addition to the emission lines. The absorption lines are a good test of the

quality of the dispersion, as they show that the wavelength signals are easily differentiated,

this can be seen in Figure 2.24.
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Figure 2.22: Reduced spectra of a tungsten source for both the YJ (a) and HK (b) echelle
spectrographs. The legend for both plots identifies the cross-dispersed spectral order. The
applied voltage for the YJ spectrum is larger than the HK spectrum in order to increase
the intensity.
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Figure 2.23: Plot showing NIR transmission spectrum of uncoated ultraviolet optimized
fused silica using data from newport.com.[99]

Figure 2.24: Zoomed in solar spectra for both YJ (a) and HK (b) optical arms. The clear
definition of the atmospheric absorption lines highlights the quality of the spectrograph.
The absorption lines shown here are primarily from atmospheric H2O [100], and the bright
emission lines are from mercury in the building’s flourescent lights.
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(a) (b)

Figure 2.25: Low resolution VPH spectra of argon taken with the 80 µm wide short
slit, acquired with effective exposure times of 2.86 s, CDS reduced, and further reduced
from OFF-ON-ON-OFF sampling. (a) The YJ low resolution spectrum. (b) The HK low
resolution spectrum.

2.4.3 Low Resolution VPH Spectrograph

RIMAS’s low resolution VPH spectrograph is created using a VPH transmission grat-

ing from Wasatch Photonics with R∼30 for both optical arms.[101] These were aligned to

be perpendicular to the slit by shining a laser through the grating mounted on the fil-

ter/grating wheel, and rotating the grating to be in the correct position. After RIMAS

was cooled to operating temperature, data was acquired of a continuum source, spectral

calibration lamps, and the sun using the same methods described in §2.4.2.1. Using these

acquisitions (Figure 2.25), it can be seen that there is clear dispersion, but the spectra is

not horizontal for the YJ and HK cameras as expected. The cause of this misalignment is

likely due to a previous mistake, but the small loss in spectral resolution does not neces-

sitate the large amount of assembly and disassembly required to fix this issue. This issue

should be repaired if any changes are needed around the YJ or HK slit/grating wheels.
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(a) (b)

Figure 2.26: Medium resolution VPH spectra of argon taken with the long slit, acquired
with effective exposure times of 8.58 s, CDS reduced, and further reduced from OFF-
ON-ON-OFF sampling. (a) The YJ low resolution spectrum. (b) The HK low resolution
spectrum.

2.4.4 Moderate Resolution VPH and Prism Spectrograph Testing

The moderate resolution spectrograph (R∼300) was not part of the initial design,

and was added to cover another order of magnitude of spectral resolution near the end

of RIMAS development. Each optical arm compound grating consists duplicates of the

VPHs and correcting prisms acquired as spares to the ones used for cross-dispersers in the

echelle spectrograph described in §2.4.2. These were aligned using the same laser method

described in §2.4.3. After RIMAS was cooled to operating temperature, data was acquired

of a continuum source, spectral calibration lamps, and the sun using the same methods

described in §2.4.2.1. The results are nearly identical to the low resolution spectrograph

results in that using these acquisitions (Figure 2.26), it can be seen that there is clear

dispersion, but the spectra is not horizontal for the HK camera as expected. This issue

should be repaired if any changes are needed around the YJ or HK slit/grating wheels.
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2.4.5 Imaging

RIMAS’s imaging mode allows for simultaneous broadband imaging in two bands,

while also allowing for auxiliary filters with standard one inch diameter anywhere within

RIMAS’s sensitivity range. This feature is particularly useful in quickly identifying tran-

sients that have not been well localized by previous observations.

2.4.5.1 Point Spread Function

The point spread function (PSF) from RIMAS’s optics were determined to be well

within specification in John Capone’s thesis, so no further lab testing was needed.[79]

Qualitatively, it can be seen in the lab data taken over the years that the optics are

performing well without major diffraction issues. The defects that had been seen in the

lab data were easily solved by adding optics to the test light source to create a beam that

simulates the one that would come from the telescope. These test optics are not of high

quality, so the best test will ultimately be done on-sky with the actual telescope optics.

2.4.5.2 Focusing Curve

For each optical band, a linear stage is placed after the refocusing optics (referred to

as YJ and HK lens assemblies in Figure 2.6) with the detectors mounted to them. These

stages function at cryogenic temperatures, and are used to move the detectors into the

focus position, as shown by the changing image slit width in Figure 2.27.
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Figure 2.27: (a) Image of the 80 micron slit taken 2240 steps from the home position. The
slit was not evenly illuminated during focusing, which is why the slit looks a bit amorphous.
(b) Plot of the intensities of the above image totalled along the vertical axis. (c) Plot
showing the standard deviation from a gaussian fit of the vertically summed intensity data
as the focus position is changed.
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2.4.6 Mechanism Testing

As an imager spectrometer, RIMAS requires multiple mechanisms to provide focusing,

and change apertures, filters, and gratings. Since RIMAS is fully cryogenic, these filter

wheel and focus stages also need to work at cryogenic temperatures. This requires a

good initial design, testing at room temperature, testing at cryogenic temperatures, and

alterations to the design.

2.4.6.1 Filter Wheel Mechanisms

In order to switch between RIMAS’s various apertures, filters, and gratings, cryogenic

motorized filter wheels are required. As shown earlier in Figure 2.6, RIMAS has four filter

wheels: aperture, auxiliary filter, YJ filter and grating, HK filter and grating. As can

be seen in Figure 2.28 and Figure 2.7, each wheel is a brass gear with the various filters,

gratings, and apertures mounted. These are driven by a smaller gear mounted on the

drive shaft of a stepper motor. The motor has been modified for cryogenic operation by

cleaning each of the components in an ultrasonic cleaner, and replacing the steel bearings

with ceramic bearings. The motors are run by a stepper motor driver, which is controlled

by an Arduino Mega using custom code developed by John Capone.[79] The wheels also

have a cam consisting of a smooth circle with grooves machined around the outside, which

is used for the registration mechanism. Each of the registration mechanisms consist of a

spring/flexure, a limit switch, and a ceramic bearing. For the auxiliary and filter wheels,

the ceramic bearing is mounted to a linear slider, which is pushed by a coiled spring. For

the YJ and HK filter/grating wheels, the ceramic bearing is mounted to the flexure. The
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ceramic bearing runs along the cam as a cam follower, and is pushed into the grooves

by the spring/flexure to create registration. When the registration mechanism enters the

groove, the limit switch is toggled, which tells the motor controller to stop. After this,

wheel position can be determined by the number of grooves passed through.

Each of the wheels went through multiple rounds of testing and development. After

assembly, the repeatability of the filter/grating/aperture location using the registration

was measured by John Capone using a camera with machine vision.[79] This is especially

important for RIMAS’s slits and gratings to ensure that the wavelength calibration remains

consistent after changing between modes. Next, the wheels were cycled many times, and

the number of steps between grooves was checked for consistency. After these successful

tests, these mechanisms were tested at cryogenic temperatures. The aperture and auxiliary

filter wheel mechanisms (Figure 2.7) are quite similar, and had no issues. The iterations

on these wheels were primarily due to desired changes in the number of filters and slits.

The YJ and HK filter/grating wheel mechanisms are similar to each other and the

wheels are much larger than the auxiliary filter and aperture wheels. Due to this difference,

they had a number of issues not observed with the smaller wheels. First, through testing

it was discovered that there was some grinding and jittering at the interface of the gears

used to change filter position. As can be seen in Figure 2.28, this was solved by preloading

the interface using a spring coupler between the motor shaft and the drive gear. with

registration: at cryogenic temperatures the set screw setting for the limit switch did not

always trigger the switch when cooled down, the registration was not very strong on the

large wheel, the mechanisms would occasionally lock in place, and eventually one of the

linear sliders the bearing was mounted to fell apart. As can be seen in Figure 2.28, the
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registration mechanism was redesigned so that instead of mounting the ceramic bearing to

a linear slider pushed by a coiled spring, it is mounted to a flexure. This has the benefit of

reducing the number of moving parts, and increasing the range of motion. The increased

range of motion makes adjusting the mechanism much easier. Another benefit to the new

design is that the force from flexure and the limit switch are pointed in the same direction,

which helps increase the force applied in the groove. This new mechanism also needed

to go through a number of iterations after testing. First, care needed to be taken when

adjusting the limit screw to prevent it from bottoming out on the limit switch as this

would cause the flexure to permanently deform. Second, the limit switch and screw were

initially offset from the flexure, and needed to be brought inline to prevent the torque from

twisting the flexure. Third, the number of brass shims used in the flexure was increased

from two to four in order to double the force in the groove. Fourth, the mounting holes for

the registration mechanism needed to be slotted to allow for fine adjustment of the force

provided to the groove. Finally, a G-10 slider was fabricated to prevent the possibility of

the ceramic bearing leaving the cam.

2.4.6.2 Focus Stage Mechanisms

As with any optical assembly it is important to be able to adjust the focus, and

with RIMAS’s fixed lens assemblies this is accomplished by moving the detectors. Given

that all of the optics and detectors for RIMAS are cryogenic, the distances between optical

components change significantly over the ≈200 K change in temperature. As such, it is

best to be able to adjust the focus after everything has reached operating temperature.
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Figure 2.28: Filter wheel mechanism shown (a) early in the project, and (b) after multiple
rounds of testing and modification. The motor assembly is circled in red, and the registra-
tion mechanism is circled in blue.
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To accomplish this cryogenic focus stage assemblies (Figure 2.29) are used to adjust the

position of each detector. The linear stage is made of two separate plates that can slide

across each other, the bottom plate is mounted to the optical bench, and the detector (not

pictured) is mounted to the top plate. The cryogenic Faulhaber stepper motor with its

gearbox are mounted to the bottom stage plate, and its motor shaft is connected to the

drive screw via spring coupler. The other part of the drive is mounted to the top stage

plate, which converts the rotational motion of the motor to linear motion of the stage plate.

On the opposite side of the stage, there are two limit switches that can be engaged by the

adjustable screw stops. The motor is controlled by a Faulhaber motor driver, which is

commanded by an Arduino Mega controller with custom code written by John Capone.[79]

The Arduino controller prevents the motor from moving the stage in the direction of an

engaged limit switch.

After the initial fabrication, it was important to test and modify these mechanisms to

ensure robust repeatability of position, long lifetime, and operation at cryogenic tempera-

tures. After assembly and confirmation of basic functionality, the stages were commanded

to cycle from limit to limit many times using a lab weight to simulate the mass of the

detector. The number of steps from these cycles were then checked for variability. Since

there was very little variability, we could be sure that steps were not being missed, and

movements were repeatable. This test was then successfully repeated with focus stages

rotated ±45◦ and ±90◦. Once room temperature operation was confirmed, cryogenic tests

could be performed. The first few tests at cryogenic temperatures mostly worked, but the

positions were not repeatable. Once the mechanisms were warm and able to be inspected,

it was discovered that there was excess wear on the gear boxes. Eventually, this issue
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was tracked down to be caused by contraction of the aluminum part of the drive around

the G-10 fiberglass drive screw. This was solved by re-tapping the threads with a slightly

larger pitch diameter tolerance. After cleaning the gearboxes and reassembly, the stages

were successfully tested at cryogenic temperatures.

2.4.7 Housekeeping Electronics

In order to ensure continuous function of the instrument, a number of items, need to

be controlled and monitored. The electronics that perform these functions are referred to

as housekeeping electronics.

2.4.7.1 Thermometry

In general, HgCdTd detectors need to be operated at temperatures of ≈100 K or less.

Also, the various properties (dark current, nonlinearity, photosensitivity, etc.) of these de-

tectors are subject to temperature, which makes controlling the temperature within a few

millikelvin important in order to reduce read noise from the detectors. The temperatures

of the detectors, ACADIAs, cold plate, cold shield, front assembly, camera lens assembly,

and filter wheel motors are monitored by diodes. These DT-670 diodes are sensitive to tem-

peratures across a wide range, from 1.4 K to 500 K.[102] The detector temperatures are

controlled by 500 Ω resistor heaters. The diodes and resistors are connected to a breakout

board developed by Vicki Toy, which allows for a 4-wire measurement of the detector tem-

perature sensors and a 2-wire measurement of the other temperature sensors.[53] Initially,

the detectors temperatures were measured and controlled by a Lakeshore 325 [103] and a
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Figure 2.29: Labeled photograph of a focus stage mechanism, designed by Gennadiy
Lotkin, showing the different components.
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Lakeshore 331 [104] temperature controller, while the other eight temperatures were mea-

sured by a Lakeshore 218 [105] temperature monitor. This was done since these Lakeshore

devices were already available in the lab, and each Lakeshore controller only had one

powered control loop.5 Over time, the performance of the Lakeshore 331 began to degrade

such that the previously tuned Proportional Integral Derivative (PID) parameters no longer

worked. As concerns began to grow over the use of multiple devices that could each need

to be replaced eventually, a Lakeshore 336 with a four sensor expansion card was selected

to do the tasks of all three previous Lakeshore devices. The Lakeshore 336 with expan-

sion card can measure eight thermal sensors, and has two powered control loops.[106] This

means that two fewer temperature sensors are measured than with the previous setup, but

this was deemed an acceptable tradeoff for the reduction in hardware. After fabricating the

necessary harnesses to incorporate the Lakeshore 336, the detector temperatures were able

to be controlled within ±1 mK using the previously tuned PID parameters. A diagram

showing this setup can be seen in Figure 2.30.

Each of the detectors’ temperatures need to be controlled within a few millikelvin

to reduce read noise. This is accomplished by using a temperature sensor, a heater and a

Lakeshore controller. The Lakeshore uses a PID control loop to determine the appropriate

power to apply to the heater. A PID control loop, as described by Equation 2.3, uses

predetermined constants to calculate the power needed to achieve a parameter through the

use of three terms: proportional, integral, and derivative.[107]

5Each of these Lakeshore controllers have 2 control loops, one powered current loop and one unpowered
voltage loop.[103, 104] To save on development time, we decided to use 2 controllers rather than develop
and test an amplifier for the unpowered loop.
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Figure 2.30: Diagram showing how the temperatures of various components are measured,
and how they are controlled. The pale blue space is inside of the cold shield. The cold
shield is under vacuum as shown by the pale yellow space. Everything else is outside of the
dewar. The key describes the other components.
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Control Power = P [e(t) + I

∫
e(t)dt+D

de(t)

dt
] (2.3)

Where P, I, and D are constants, and e(t) is the difference between the set point

and measured value for the parameter being controlled, temperature in this case. The

proportional term is based on the difference between the current measured value and the

control value. The integral is based on the summation of previous differences between the

measured values and the control value. The derivative term is based on the rate of change

of the difference between the current measured value and the control value. The Lakeshore

325 manual [103] tuning instructions were followed in order to determine the needed PID

constants to maintain detector temperature. After choosing a set temperature a few kelvin

above the current detector temperature, the proportionality constant, P, was determined

by starting at a low value, 5, and doubling the value until sustained oscillations around

the set point were achieved. This value, 160, was then halved so that the final value used

was P = 80. The integral value was determined by taking the oscillating period of the

sustained oscillations measured during the P tuning step, ≈60 s, and dividing 1000 by this

period to get I = 17. Since changes to the set point should be rare, the derivative term is

not necessary for this control, and thus D = 0. Once these values were determined for one

detector, they were successfully tested on the other detector as can be seen in Figure 2.31.

Another part of RIMAS’s temperature control is achieved through the use of its

Cryotel GT cryocoolers, which are described in §2.4.8. Each of these three cryocoolers

are operated by three Cryotel AVC controllers. These controllers measure the cold head

temperature through the 4-wire measurement of a platinum resistor’s (PT-100) resistance.
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Figure 2.31: Plot showing temperatures of both detectors with the PID control loop
enabled. As can be seen here, detector temperatures mostly stay within ±1 mK over a 24
hour period.

It then uses this temperature along with its’ own PID control to determine the required

power needed for the cryocooler as depicted in Figure 2.30. The factory default values for

the PID constants were sufficient, so no further tuning was necessary. By keeping the cold

head temperature constant, the rest of the components in the dewar maintain relatively

constant temperatures, ±200 mK, as seen in Fig 2.32.

Since many of RIMAS’s components are liquid cooled, it is important to ensure there

is no condensation occurring that could harm the electronics. To check for this, there was

a desire to measure humidity and temperature in each of the liquid cooled containers to

check if the cooling lines were reaching the dew point. The initial solution for this was to

read an Si7021 temperature and humidity sensor embedded in an Adafruit breakout board

using a Micropython pyboard (Figure 2.33). The Si7021 can measure relative humidity
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Figure 2.32: Plot showing temperatures of all items within the cold space. The detector
PID loops are not enable during this period, so the only temperature control is coming
from the cryocoolers. As can be seen here, all temperatures stay within 100 mK over a 24
hour period.
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from 0 to 80% with an error of ±3%, and temperatures from -10 to 85 ◦C with an error

of ±0.4 ◦C.[108] Pyboard is a development microcontroller board, similar to an Arduino,

that runs on MicroPython.[109] Micropython is an adaptation of Python 3.4 for use with

microcontrollers.[110] These two boards communicate with each other via I2C protocol,

and then communicate with the PC via serial connection using custom code6.[111] This

setup worked relatively well for a while, however the code is uploaded to the pyboard as

if it were a pyboard. This is convenient, however if the connection to the pyboard was

unexpectedly interrupted, the storage would become corrupted. The corrupted file system

could only be repaired via factory reset and reinstallation of the code, which would not

work well at the observatory. After a lot of searching, a COTS temperature and humidity

sensor with serial interface was found, and will be integrated as a replacement. The new

temperature and humidity sensors can measure relative humidity from 0 to 100% with an

error of ±3%, and temperatures from -40 to 80 ◦C with an error of ±0.3 ◦C.[112]

2.4.7.2 Pressure

A major requirement for RIMAS’s cryogenics is to reduce thermal transfer by limiting

convection. This is accomplished by lowering the dewar pressure into the high vacuum

range, ≈ 10−6 mbar,using the methods discussed in more detail in §2.4.8.1. To be sure

the dewar is continuously at this vacuum level, the pressure needs to be measured with

a vacuum gauge. Multiple vacuum gauges were used during RIMAS’s development, and

can be seen in Figure 2.34. At the start of this thesis work, RIMAS’s vacuum level was

measured by a Pfeiffer FullRange™ Gauge. This gauge measures atmospheric pressure to

6https://github.com/joedurbak/htsensor
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Figure 2.33: Photograph showing the different humidity and temperature monitors used
to monitor RIMAS’s housekeeping electronics. Left: The pyboard version is the green
board on the left, and is connected to the Adafruit Si7021 breakout board. Right: COTS
humidity and temperature sensor that will ship with the instrument.

medium vacuum using a Pirani gauge and measures high vacuum with a cold cathode

gauge.[113] This gauge worked well, but required a bulky external controller. Since we

found a more compact gauge for PRIME, a KJLC® 392 Series Wide-Range Combination

gauge. This gauge seemed to be convenient since the controller and gauge are combined

in a compact package, and the logging software was already integrated into the instrument

control software for PRIME. The KJLC® 392 measures atmospheric pressure to medium

vacuum using a convection enhanced pirani gauge, and high vacuum with an hot cathode

ion gauge.[114] Further inspection however showed that the convection gauge is a separate

unit that need to be connected separately from the ion gauge/controller package. At first,

the ion gauge was used without a vacuum gauge, which only allowed for the measurement

of pressures < 10−3 mbar, which works for RIMAS’s operating pressure. However, it is
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difficult to detect when there are vacuum leaks early on in the cooldown without knowing

the pressure at rough vacuum, so the convection gauge was installed next to the ion gauge

using a KF-40 vacuum tee. Unfortunately, the convection gauge’s calibration was poor,

and was only useful for obtaining a rough estimate of the pressure trend instead of an

exact value. Due to the issues with this bulky gauge assembly, it was replaced with an

972B DualMag™ Vacuum Pressure Transducer. This gauge, like the Pfeiffer FullRange™

Gauge, uses Pirani and cold cathode gauges to measure pressure from atmosphere to high

vacuum.[115] Since both gauges and the controller are all in one package, and the pressure

measurement was found to be reliable over the full range, this gauge will ship with the

instrument.

2.4.7.3 Communications

RIMAS has quite a few components that require communication: MACIE, thermom-

etry, cryocooler controllers, motor controllers, pressure gauges, PDUs, and humidity sen-

sors. As various components have been replaced and upgraded, RIMAS’s communication

infrastructure has needed to undergo many iterations to handle the various communication

protocols, specifically: serial, USB, and ethernet. In order to avoid routing extra com-

munication lines between LDT’s instrument cube and the observatory control room, the

communication infrastructure for RIMAS was chosen such that all protocols were converted

to ethernet in order to take advantage of the instrument cube’s already existing network

connection (Figure 2.35). The network switch used in the instrument cube was upgraded to

accommodate the bandwidth needed for the MACIE detector data acquisition. The main

78



Figure 2.34: Photograph showing the various vacuum gauges that were used to measure
RIMAS’s vacuum with the needed fittings. Left: Pfeiffer FullRange™ Gauge with its con-
troller, and a KF-50 to KF-40 adapter fitting. Middle: KJLC® 392 Series Wide-Range
Combination gauge with a convection gauge, a KF-40 vacuum tee, and a KF-50 to KF-40
adapter fitting. Right: MKS 972B DualMag™ Vacuum Pressure Transducer with a KF-50
to K5-25 adapter fitting. This is the gauge that is shipping with RIMAS.
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connection to this network is made via a single GigE connection from a Netgear GS105

ethernet unmanaged switch [116]. The MACIE and another Netgear GS105 (since there are

too many ethernet connections for a single one of these 5-port switches) are connected with

Cat6 cables capable of speeds >1 Gbps to allow for maximum communication speed. Both

PDUs, the Lakeshore 336, and an Icron Ranger REX are connected to this second network

switch via Cat5 cables capable of speed up to 100 Mbps. The lower speed for these connec-

tions reduces the bandwidth used by these devices, which helps reserve bandwidth for the

detectors. The Icron Ranger 2304-LAN is a USB to LAN converter that allows for remote

communication with USB devices as if they were plugged directly into the computer.[117]

The Icron REX is located with the instrument, and is paired with an Icron Ranger LEX

that is located with the control computer. This converter was recommended by Lowell as a

replacement our previous converters that were not compatible with Windows 10. All USB

devices are either connected directly to the Icron REX, or they are connected via a USB

hub mounted to the dewar body. Serial devices are converted to USB using RS-232 and

RS-485 serial to USB converters. These converters all use FTDI chipsets since these retain

their COM port numbers using unique serial numbers unlike other converters that were

tested.

There is an alternative communications setup (shown in Figure 2.36), where the

control computer is located in the electronics rack with the instrument. This design is to

be used if the Lowell network cannot support the bandwidth needed for RIMAS’s detector

data acquisition. The alternative setup requires fewer components since the USB to LAN

converter and one of the network switches become unnecessary. Even though this design

is simpler, it remains a backup option due to the risk of exposing the control computer to
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Figure 2.35: Diagram showing the current communication diagram for RIMAS. The dewar
and the electronics rack are both under the dome and mounted to LDT’s instrument cube.
The control room is in a different room within the observatory.
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Figure 2.36: Diagram showing the alternate communication diagram for RIMAS where
the control computer is located with the instrument.

the weather under the dome.

2.4.7.4 Power Supply

For practical and instrument protection reasons, remotely controlled power distribu-

tion units (PDUs) (Figure 2.38) are used to provide power to RIMAS’s electronics. In the

lab, there was an issue where one of the cryocoolers was permanently damaged because the

water cooling lines became clogged by calcium build up. When this happened, the exterior

of cryocooler overheated (temperature was above 60 ◦C), and this eventually caused the

cryocooler to fail. There was also an issue, where a dewar was warmed up without turning

82



Figure 2.37: Photograph showing the rack mount communications module with the various
components labeled.
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off the detectors, which can cause increased dark current and hot pixels if left in this state

for prolonged periods [83]. With these PDUs, the cryocoolers can be shut off automatically

if the cryocoolers are overheating, and the detectors can be shut off if the instrument is

too warm. Beyond preserving the instrument, various electronics need to be power cycled

occasionally to clear errors, and light sources need to be controlled during calibration. It

is impractical to have the telescope operator go under the dome to flip these switches on a

regular basis. Another safety precaution taken with supplying power to the instrument is

the use of thermostats. The thermostats shut off power to a device if they sense the tem-

perature becoming too high. This is useful layer of security as it does not require software

to function.

2.4.7.5 Mechanical

All of these housekeeping components need to be mounted somewhere near or on

the instrument. Initially, all housekeeping electronics were stored on the electronics rack

show in Figure 2.39. This rack is constructed from 80/20 T-slotted aluminum framing to

fit standard width rackmount components, and fit within the space available in the LDT

instrument cube. The standard width is useful for mounting COTS components, and the

rack design makes it easy to swap out components. The electronics rack is mounted to

the telescope using the assembly pictured in Figure 2.39(c). This mount is designed to be

mounted to the telescope, while the rack is put into place using the T-Slotted aluminum

framing as rails as shown in Figure 2.4. The rack is then locked into place using a toggle

clamp, which allows for quick installation and removal of the rack. Other housekeeping elec-
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Figure 2.38: (a) Photograph showing the power distribution unit outlet strip that is
located in the electronics rack. (b) Screenshot showing the interface to control the outlets
remotely.
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tronics were added later for the upgraded cryocoolers, and were mounted to the cryocooler

vacuum plate as seen in Figure 2.42.

All of these housekeeping components emit heat, and need to be cooled. In the lab at

sea level, this is accomplished with airflow for all of the electronics, while the cryocoolers

require liquid cooling to improve their efficiency. However, at the observatory the air density

is reduced due to altitude, and convection around the telescope worsens seeing. Instead

of using ambient airflow, a chilled glycol-water supply is used to cool these components

using the plumbing setup shown in Figure 2.40. Using the input and output manifolds, the

individual components are chilled in parallel. The cryocoolers have their own water cooling

jackets installed, while the other components are chilled using liquid cooled aluminum heat

exchanger plates.

2.4.7.6 Motor Controllers

There are two motor controllers, one for the linear stages, and one for the filter wheels.

These controllers are essentially unchanged since John Capone’s thesis work. Both consist

of Arduino Mega 2560 microcontrollers, which command a stepper motor controller specific

to the motor being controlled. These controllers communicate with the control computer

via serial interface.[79]

2.4.8 Cryogenics

RIMAS is a fully cryogenic instrument, with its optics, filters, gratings, mechanisms,

and detectors operating at temperatures ranging from 80 to 100 K. This is important since
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Figure 2.39: Photographs of the electronics rack from multiple angles. (a) Shows the front
of the rack with the various rack mount boxes labeled. (b) Shows the back of the rack with
the various rack mount boxes labeled. (c) Shows the top of the rack with the telescope
interface plate, and slide mount. The toggle clamp locks the rack into place. (d) Shows
the side of the rack with the handles to assist with mounting.
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Figure 2.40: Diagram showing the plumbing setup to provide chilled water cooling of
various components. There is a valve limiting flow entering the manifold input, and there
are also valves limiting flow to every component that is not a cryocooler.
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it reduces noise via thermal emission from the components as well as dark current and read

noise in the detectors. To accomplish this, a method of cooling and thermal isolation are

required.

2.4.8.1 Thermal Isolation

In order to achieve cryogenic temperatures, thermal isolation is a necessity. This

involves cutting off all three modes of heat transfer: conduction (Eq. 2.4), convection

(Eq. 2.5), and radiation (Eq.2.6). In each of these equations Q̇ is the heat transfer rate, T1

is room temperature, and T0 is the cryogenic temperature.

Q̇conduction =
kAconductor(T1 − T0)

d
(2.4)

Where k is the thermal conductivity, Aconductor is the cross sectional area of the

conductor, d is the length of the conductor.

Q̇convection = hAcoldsurfaces(T1 − T0) (2.5)

Where h is the heat transfer coefficient, and Acoldsurfaces is the surface area of the

cold surfaces. The heat transfer coefficient is dependent on the makeup, density and flow

of the fluid.

Q̇radiation = σeA(T 4
1 − T 4

0 ) (2.6)

Where e is the emissivity coefficient of the surface, and A is effectively the outermost
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cold surface (the cold shield in this case). The emissivity coefficient is dependent on the

reflectivity of the surface, so a perfectly absorptive surface would have e = 1, and a perfectly

reflective surface would have e = 0.

Conduction is minimized by mounting the cold assembly within the dewar using

low thermal conduction materials for anything creating a mechanical connection from the

exterior of the dewar to the cold assembly. For RIMAS, G-10 fiberglass laminate mounts

are used to connect the cold assembly to the warm dewar body. Furthermore, high gauge (>

30 AWG) wire is used for the electrical connections in order to keep the diameter (and thus

the cross-sectional area, A) of the wires small, and alloy conductors (e.g. phosphor-bronze

and manganin) are used when current need are well below the fuse current. Appropriate

alloy wire conductors have high electrical conductance, and low thermal conductance, k.

Convection is minimized through the use of a high vacuum chamber, a turbomolecular

pump, and cryopumping from the cryocoolers. Outgassing is reduced by choosing low-

outgassing materials for objects within the dewar, and cleaning parts with an ultrasonic

cleaner. The reduction in fluid density created in the high vacuum environment greatly

reduces the heat transfer coefficient in Eq. 2.5. Finally, radiation is reduced through the

use of multilayer aluminized mylar insulation, which reduces the emissivity constant, e,of

the cold surfaces. The RIMAS’s outer cold shield surface, anodized aluminum, has an

emissivity constant of ≈0.8 [118], whereas the aluminized mylar has an emissivity constant

of 0.03 [118]. Mylar also has low thermal conductivity, so the multiple layers help to ensure

that there is a smaller thermal gradient between layers, and thus also lower the T 4 term

for each layer.

After switching to the new cryocoolers and adding the ACADIAs, the detector tem-
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Figure 2.41: Photographs of RIMAS’s cold shield lid before and after the radiation load
was improved. This is an example of how the entire cold shield multi-layer insulation was
improved by reducing the exposed surface area, and increasing the number of mylar layers.

peratures were still above the desired operating temperature of 95 K. The new cryocoolers

and cold straps have less cooling power than the initial cryocooler and cold strap. The

ACADIAs each output ≈0.5 W, adding a total load of ≈1 W. Although another cry-

ocooler could be added to reduce the temperature by increasing the cooling power, the less

resource intensive option is to increase the thermal isolation. Since convection and conduc-

tion have already been minimized, and radiation heat transfer is a large term dominated

by T 4
1 the simplest option was to improve the thermal isolation from radiation. Given that

this term depends on both surface area and the emissivity coefficient, these are the terms

left to minimize. This is accomplished by increasing the number of mylar layers to reduce

the emissivity coefficient, and ensuring that the mylar covered more of the cold shield to

reduce the effective surface area as shown in Figure 2.41.
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2.4.8.2 Cryocoolers

Initially, RIMAS used a 2-stage Gifford-McMahon cryocooler [119], where one stage

was connected to the cold plate at ≈80 K and the other stage connected to the slit-viewing

camera at ≈20 K. This cooler required an external compressor and long helium lines for the

cooling cycle and heat exchange. Since this setup was inconvenient for operations at the

telescope, a recently developed set of Stirling cryocoolers [120] were chosen as a replacement.

These cryocoolers have a number of benefits as they are much more compact, contain a

compressor within the single unit, can be controlled with a PID (Proportional Integral

Derivative) loop, have active vibration cancellation, and require no servicing. The coolers

are more compact since there is no external compressor, and are more convenient for use

in the field as they only require already existing water cooling and electrical infrastructure.

The PID control of the cryohead allows for very consistent temperatures throughout the

instrument, which helps further reduce background noise. Active vibration cancellation is

also important as it minimizes shaking of the instrument, and the telescope to which it

is mounted. Shaking needs to be minimized in order to avoid spread in the PSF. The

closed system prevents contaminants in the helium used as the cryogen. With the previous

cryocooler, it was necessary to regularly service the cryocooler by pumping out the lines and

replenishing them with ultra-high purity helium. For self evident reasons, this is difficult

to accomplish in the field, and is best to be avoided.

These new cryocoolers required thermal, vacuum, electrical, and data integration and

testing. After copper cold straps were manufactured and installed to connect the cold heads

to the cold plate, the desired maximum operating temperature of ≈90 K was reached using
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two cryocoolers. The vacuum integration involved installing the new bottom dewar lid and

a vacuum plate with ports for the new cryocoolers and the new PID thermometry hardware.

At this point a helium based leak detector was used to find any issues with the large number

of new vacuum interfaces that were introduced. When leaks were detected, efforts were

made to remove any surface scratches on the vacuum interfaces, and clean any foreign

objects from the o-rings. Even with these leaks removed, there were issues maintaining

vacuum with the higher base temperature since the lowest temperature in the dewar was

now ≈70 K at the cold heads instead of the previous cryocooler coldest temperature of

≈10 K. This increase in base temperature greatly reduced the cryopumping rate, and the

gasses that could be removed via cryopumping. To solve this issue, a third cryocooler was

added, and instead of connecting it to the cold plate like the other two coolers, a copper

container filled with charcoal was mounted to the third cold head. Not strapping the third

cryocooler to the cold plate greatly reduces the thermal load on this cooler, and allows for a

much colder temperature of ≈40K. The charcoal increases the surface area that is available

to condense gasses, and is also more effective at binding gasses at higher temperatures than

metallic surfaces.[121] Electrical integration was fairly trivial, as it just required acquiring

appropriate DC power supplies that are connected to the PDUs. Data integration required

programming the serial interface in LabVIEW so that the status could be logged, and the

operating mode (constant power or constant temperature) can be set.

93



Figure 2.42: Photographs of the Cryotel GT Cryocoolers with interesting parts labeled.
The AVC controller provides PID controlled power to the cryocooler with temperature input
from the PT-100 sensor located on the cold head (not pictured). This controller also uses a
feedback loop given data from the accelerometer to control the vibration cancelling piston.
The water jacket cools the cryocooler exterior and is monitored by another temperature
sensor. If this exterior temperature is too high, the AVC controller shuts off the cryocooler.
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2.4.9 User Interface

Since the primary goal of RIMAS is to quickly follow up Swift detections, it is advan-

tageous to obtain the alerts as quickly as possible. Fortunately, the General Coordinates

Network (GCN7) exists as a purpose-built communication method between multiple instru-

ments to alert others to interesting astronomical events so that they can be quickly observed

by others.[59] These GCN alerts are shared via GRB coordinate notices distributed in real-

time, and follow-up message circulars shared between observers.[122] When this interface

was developed, GRB coordinate notices were distributed using many methods: socket (0.1-

0.5 seconds), email (5-100 seconds), and other methods that are no longer used such as

pager, dialed phone/modem.[123] Most of these notices are automatically generated, and

are quickly available after detection. Since the development of this software, the GCN mi-

grated over to a new standardized Kafka protocol [124], which has yet to be incorporated.

Since the Kafka standardized protocol incorporates VOEvent XML, converting to this sys-

tem should be relatively uncomplicated. GCN circulars are messages sent between various

groups “to share discoveries, observations, quantitative near-term predictions, requests for

follow-up observations, or future observing plans related to high-energy, multi-messenger,

and variable or transient astrophysical events.”[125] These circulars are typically much

slower than notices, and require interested parties to actively share information. This hap-

pens when a particular team wants to advocate for further observations, or has completed

observations/analysis of an event.

To take advantage of the GCN and accomplish RIMAS’s science goals more effectively,

7GCN was previously known as the Gamma-ray burst Coordinates Network.
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Figure 2.43: Picture showing the layout of the GCN where both space and ground-based
telescopes communicate with each other while observing a target.[126]

a GCN listener was developed to alert observers when a new event is currently observable

with RIMAS with minimal latency.[127] Since the GCN communication method with the

lowest latency is the socket method, this was the method chosen for this listener. Fortu-

nately, there was already an available GCN client written in Python [128] that could be

used to retrieve XML formatted VOEvents (Virtual Observatory Events). With this client,

the different types of events are easily filtered based on information about the VOEvent

such as the notice type. Based on RIMAS’s FOV, only SWIFT BAT, XRT and UVOT

notices are used for this monitor. After the XML messages are received, they are then

converted to HTML to make them human readable. HTML is a subset of XML, which

made converting between the two quite natural. During this conversion process, important

information, such as the coordinates, is extracted for further calculations and filtering. Us-

ing the detected object’s coordinates and tools from astroplan [129], important information

pertinent to observations can be quickly calculated. This information includes target rise
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time, set time, and general observability based on the instrument’s location. Once all of

this is calculated,the XML has been converted to HTML and the target is determined to

be observable, the user is then alerted via the LabVIEW virtual instrument (Figure 2.44)

that is easily integrated into RIMAS’s LabVIEW user interface.
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Figure 2.44: Screenshot showing the appearance of the GCN alert after it has been
converted to HTML.
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Chapter 3: RIMAS Data Reduction

3.1 Overview

With RIMAS’s numerous modes of operation (cross-dispersed spectrograph, two low

resolution single order spectrographs, and photometric imaging), multiple data reduction

pipelines are needed to handle RIMAS’s outputs. This section discusses the development

of pipelines for both the cross-dispersed spectrographs and photometry. The pipeline for

RIMAS’s single order spectrographs have yet to be developed.

3.2 Detector Data Reduction

Unlike CCDs, the pixel voltages on these hybrid detector arrays can be read non-

destructively, which allows for multiple samplings as data is acquired during an exposure

(e.g. sample-up-the-ramp or SUTR). Due to this ability, there are multiple methods that can

be used to improve the SNR of any individual exposure using different sampling methods,

which are discussed throughout this section. On top of SUTR, these arrays and readout

electronics use reference pixels, and reference output voltages to allow for further reduction

of noise.
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Figure 3.1: Plot showing how signal is measured non-destructively as charge accumulates
on the detector array.

3.2.1 Sample Up the Ramp

The ACADIAs are programmed such that they consistently read the detectors at

all times in consistent intervals (every 2.86 s with our settings) regardless of whether the

detectors are idling, being reset, or acquiring an exposure. All of the frames acquired

during the exposure are saved as signal accumulates, as demonstrated in Figure 3.1. Since

the pixels are clocked consistently throughout these exposures, the time between each pixel

measurement is the same for each pixel. Furthermore, the pixel voltages are reset pixel by

pixel using the same clock, so the time since the voltage reset is the same for each pixel

as well. Since every frame is saved, a number of different data reduction, and/or sampling

methods can be used later on to reduce a set of SUTR frames into a single exposure image
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later.

3.2.2 Fowler Sampling

The simplest way to reduce SUTR data is correlated double sampling (CDS) where

a pedestal frame (typically the first frame in the exposure) is subtracted from the signal

frame (typically the final frame in the exposure). This removes the bias signal from the

exposure, and reduces the read noise by sampling each of the pixels twice. A slightly more

sophisticated method of sampling is Fowler sampling, where multiple frames are averaged

for the pedestal frame, and the same number of frames are averaged for the signal frame

in order to further reduce read noise.[130] This Fowler sampling is described by Eq. 3.1,

where the resultant value, R, for a pixel, (i, j), is given by averaging the value for that

pixel over a number of samples, N , for the signal frames, Sn, and the pedestal frames, Pn,

and taking the difference.

Rij =

∑N
n=1 Sn

ij

N
−

∑N
n=1 Pn

ij

N
(3.1)

CDS can be thought of as a special case of Fowler sampling where N = 1. An example

of Fowler sampling whereN = 4 is shown in Figure 3.2. This figure also nicely demonstrates

how the effective exposure time is calculated as the difference between the starts of each

group of samplings. Although increasing N reduces the read noise, it also decreases the

amount of signal present in the resultant image for the same total time since resetting the

pixel voltages. This balance is important to keep in mind especially for exposure times

limited by saturation.
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Figure 3.2: An example of Fowler sampling with 4 samples taken for the pedestal (P1

through P4) and signal (S1 through S4) readouts taken from the Spitzer IRAC handbook.
These groups of 4 are averaged, and the difference is taken to give a resultant image with
lower read noise.[131]
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3.2.3 Ramp Fitting

An alternative SUTR reduction method to Fowler sampling is ramp fitting. Since the

rate of photons observed by the detectors is practically constant over the exposure time, a

good measure of this photon rate can be acquired by calculating a least squares fit for each

pixel as it is sampled up the ramp. This allows every SUTR data point to be incorporated,

and thus reduces the read noise even further. Furthermore, non-linearities from saturation

and cosmic rays are easily detected, and the samples prior to these effects can be kept.[132]

This recovers many of the pixels that would be otherwise unusable when a bright source

is present, or a cosmic ray is detected partway through an exposure. Ramp fitting is a

bit more resource intensive, but with modern computing power this method is much more

desirable.

3.2.4 Reference Pixel Correction

Another way to reduce noise in the raw data is via reference pixel, and reference

voltage correction. For HxRG detectors, reference pixels (shown in Figure 3.3(b)) are

photo-insensitive pixels located around the border of the detector that are read alongside

the rest of the array.[81] This is useful because the reference pixels are subject to the

same offset voltages, and sources of noise as the other pixels. The reference voltage is a

signal used for digitization, and is read by the ACADIAs simultaneously with each of the

detector readout channels (shown in Figure 3.3(a)).[87, 133] Since the reference voltage is

read alongside the readout channels, it is also subject to the same noise as the rest of the

channels. A simple reference pixel correction method is de-banding where the values of the
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Figure 3.3: a) Full readout of an H4RG-10 taken on-sky with PRIME. The scaling is set
so that the each of the 32 readout channels (vertical bands) can be seen. The reference
voltage readout is the last (mostly white) band to the right of the array. b) Zoomed in
image of the same raw frame so that the individual pixels can be seen. The first 6 columns
in this frame are telemetry data generated by the ACADIA. Ignoring these columns, it
can be seen that there is a 4-pixel wide border of reference pixels that are distinct from the
light sensitive pixels.

reference pixels within a readout channel are averaged, and this average is subtracted from

every pixel value within that channel. A more sophisticated method involves detecting

the correlated noise (sometimes called pink noise) detected within the reference pixels

and voltages in the readout, and subtracting this measured noise from each of the SUTR

frames.[87] Code was generated specifically for this ACADIA readout of an HxRG detector

by the RST team, and Greg Mosby already implemented this solution for PRIME. This

solution will be implemented for RIMAS in the near future.
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3.3 Cross-Dispersed Spectrograph Data Reduction

The cross-dispersed spectrograph pipeline was created in two steps. First, a quick-

look pipeline was created to get some understanding of the data, and to be useful to obtain a

qualitative look at spectra as they are acquired. Second, the science pipeline was developed

to obtain high signal-to-noise science outputs from the data.

3.3.1 Echelle Quick Reduce Pipeline

The quick reduce method for the echelle mode is relatively straightforward. First, a

wavelength map was created by Jillian Kunze from the Zemax model as shown in Figure 3.4

using the methods from Jillian Kunze’s thesis [134]. This map was then used to create a

template for the spectral calibration lamps [95] used in the lab. That wavelength map

was then rotated, translated and expanded to match the lab acquired spectra as shown in

Figure 3.5. The parameters used for this overlap are in Table 3.1. With the parameters

gained from this match, the wavelength map is then altered with the same parameters to

obtain a rough wavelength solution. Reduced spectra are then acquired by summing the

values of pixels with equal wavelength as seen in Figure 3.6. The reduced spectra can then

be compared with spectral line lists from NIST [135] for the Y and J bands, and Wavelength

Standards in the Infrared [136] for the H and K bands. This comparison shows that the

quick reduce wavelength map is reasonably calibrated for this tool’s purpose as can be seen

in Figure 3.7.

A few items of interest can be found looking at the fit parameters in Table 3.1. First,

we can see that the scale is consistent with expectations. The initial map projection was
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Figure 3.4: Wavelength maps for both the YJ (left) and HK (right) echelle spectrographs
with the first and last orders labeled.

Spectrograph YJ HK
Expansion 1.925 1.945
Rotation 0.0 0.5
Horizontal Translation -447 pixels (-4.47 mm) 278 pixels (2.78 mm)
Vertical Translation -15 pixels (-0.15 mm) -208 pixels (-2.08 mm)

Table 3.1: Alignment parameters used to adjust the Zemax model generated.

created for a detector with a 19 µm pixel pitch, but the current detectors have a pixel pitch

of 10 µm. Therefore, the expansion factor of ≈ 1.9 is reasonable. Second, the rotation

factor of < 0.5◦ shows that the dispersive elements and the detectors are fairly well aligned

rotationally. Finally, the translation factors show that the image is not fully centered on the

detector. This is expected, since no effort was made to align the detectors along these axes.

No effort was made in this respect because the imaging and spectral dispersion observed

by RIMAS is smaller than the detector array size.
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Figure 3.5: HK lab spectrum of krypton taken with with the rotated, translated and
expanded template spectra overlaid to show the quality of the fit. The template spectrum
shows each of the spectral orders highlighted in yellow, and the emission lines for krypton
shown in blue. The thicker gray lines are the actual emission lines measured by the detec-
tors.

107



Figure 3.6: Quick reduced lab spectra for each of the spectral calibration lamps.
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Figure 3.7: Plots from Jillian Kunze’s thesis showing how the quick reduced spectra
compare with NIST library spectra for both YJ (a) and HK (b) bands.[97] These plots
show that the quick reduce calibration method matches well with NIST library spectra
such that the measured peaks align with the NIST database.
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3.3.2 Echelle Science pipeline

With any dispersive spectrograph, it is important to be able to convert a two-

dimensional image of the spectrum into a well calibrated one-dimensional spectrum showing

intensity versus photon energy. While using a cross-dispersed spectrograph has the huge

benefit of allowing for a high resolution spectrum over a large range of wavelengths, reducing

a cross-dispersed spectrum is more complicated than a single order spectrum. This section

will discuss the development and testing of the RIMAS echelle spectroscopy pipeline.

3.3.2.1 Pipeline Overview

The initial plan for this data reduction pipeline was to use Spextool [137]. However,

this turned out to be difficult to adapt to RIMAS due to lack of documentation, and the

pipeline was written in IDL. A new pipeline, written in Python, was started from scratch

at this point. Although this code eventually became the quick-reduce pipeline, turning it

into a science pipeline was going to be a much larger project. After further consideration,

the data reduction pipeline [52] developed for IGRINS [138] was chosen as the starting

point for RIMAS. IGRINS is also a cross-dispersed NIR spectrograph, and therefore has

a lot of similarities to RIMAS. Also, the IGRINS pipeline is open source and written in

pure python, making it much easier to adapt and distribute to observers. The pipeline

algorithms are also largely based on the ones used in Spextool.
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3.3.2.2 Pipeline Algorithm: Preprocessing

Starting from the reduced ramp images produced using the ramp reduction techniques

discussed in §3.2 a number of common methods are used to reduce spectral data into a

useful form.

3.3.2.2.1 Preprocessing

A common method for acquiring infrared spectra is to use A-B or ON-OFF sampling.

With this method, the telescope is with object nodded between two positions: along the slit

for A-B sampling on and off the slit for ON-OFF sampling. ON-OFF sampling is typically

chosen when the object being observed is too large to fit in two non-overlapping locations

along the slit. Then, during preprocessing, the A (or ON) images are stacked, and the B

(or OFF) images are stacked and the difference is taken between these stacks.[137] This

sampling method is particularly useful in the infrared as it helps remove telluric emission

lines. Furthermore, A-B sampling removes background, and dark current.

3.3.2.2.2 Defining Apertures

An important part of reducing data from a cross-dispersed spectrograph, is to identify

each of the spectral orders. Using the IGRINS pipeline’s algorithm, the boundaries of

each spectral order are identified using ON-OFF sampled dome flats taken of a continuum

source. Since RIMAS’s spectral orders do not extend to the edges of the detector, we

inserted another step where the orders are truncated in the horizontal direction based on

when the signal is much lower than the peak signal for that order.
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3.3.2.2.3 Dispersion Calibration

The wavelength calibration algorithm, which assigns a wavelength to each pixel based

on spectral order and column, is largely unchanged from the IGRINS algorithm. First, spec-

tral lines are acquired in ON-OFF mode of either spectral calibration lamps (as described

in §3.3.3.1), or by observing telluric emission lines. Telluric emission lines will work well for

the echelle spectrographs resolving power, but the lines would become too blended for use

with the lower resolution spectral modes. Next, 1D spectra for each order are generated by

averaging the pixel intensity along the slit, the direction of degenerate wavelength. This

gives a spectrum for each order with an intensity value for each column. Emission lines

are then identified using a Guassian peak finder. Using the initial wavelength calibration

(§3.3.3.6), and previously identified (§3.3.3.5), each of the line wavelengths are identified

in their current position. The wavelength calibration is then calculated using the same

polynomial method described in §3.3.3.6.

3.3.2.3 One-Dimensional Spectrum Acquisition

Using the original algorithm from IGRINS, 2D images of spectra are converted to 1D

spectra. For point like sources, weighted means are taken along the slit, the degenerate

wavelength direction, of the A-B reduced image divided by its normalized spatial profile

as described in Horne [139]. For A-B extended source observations, the spatial profile is

determined such that the top half pixels have a value of 1, and the bottom half pixels have

a value of -1. For ON-OFF extended source observations, the normalized spatial profile is

taken to be 1 in all locations.
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3.3.2.4 Telluric Correction

While A-B and ON-OFF sampling are useful for removing telluric emission from

spectra, they do nothing to remove telluric absorption. To mitigate this, spectra from

A0V stars are obtained at a similar airmass to the science target, and the profile is used

to identify telluric absorption features.[140] These early A-type stars are useful for telluric

correction since their intensities only deviate by a few percent from their continuum spec-

trum. Unfortunately, the IGRINS pipeline telluric correction algorithm was insufficient for

RIMAS spectra. We discovered during testing with DeVeny1 data (Sec. 3.3.4.4) that the

IGRINS algorithm effectively required each of the absorption features to be quite narrow in

wavelength. This assumption is understandable for IGRINS where the resolving power is

≈40000, and most of the telluric absorption lines are easily distinguished. However, given

that RIMAS’s resolving power is an order of magnitude less, the blended absorption line

features become problematic when fitting a spline. To resolve this, the telluric absorp-

tion algorithm from PypeIt2 was used in its place. PypeIt is an astronomical spectroscopy

pipeline developed to handle data from many different spectrographs, and was released near

the end of RIMAS’s pipeline development.[141] The PypeIt method uses simulated telluric

absorption spectra along with the profile of the A0V spectra to identify the telluric ab-

sorption profile. The simulated telluric absorption spectra are determined by interpolating

between a grid of spectra that were previously generated using the algorithm described in

Clough et al. [142] for a range of atmospheric pressures, humidities, temperatures, airmasses

1DeVeny is a spectrograph on LDT with a wavelength range covering 320 to 970 nm. https://lowell.
edu/research/telescopes-and-facilities/ldt/deveny-optical-spectrograph/

2https://pypeit.readthedocs.io/en/release/
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and wavelengths at LDT’s location. After this grid was generated for LDT’s location, this

telluric absorption algorithm was successfully tested on DeVeny data.

3.3.2.5 Flux Calibration

Fluxes are normalized by reducing the spectrum of a standard star with a known

spectrum, and using its spectrum to determine the flux as a function of intensity, and

wavelength. This method is unchanged from the IGRINS pipeline.

3.3.3 RIMAS calibration

In order to run the spectral reduction pipeline, it is important to have a good ini-

tial calibration. This section will discuss the process of creating the calibration files: the

emission lines list, the list of non-blended lines that should be used for a wavelength solu-

tion, the previous known location of those lines, and a previous wavelength solution. The

algorithm for creating these files is shown in Figure 3.8.

3.3.3.1 Calibration Data Acquisition and Preprocessing

Spectral images of xenon, argon, krypton and mercury-argon low pressure gas dis-

charge lamps [95] were acquired both individually and as a group. For each of these sources,

data was acquired with the lamp on, off, off then on again. The sample-up-the-ramp data

was then reference pixel corrected as described in §3.2.4 and reduced using a Fowler 2

algorithm as described in §3.2.2.

The on-off-off-on data was then preprocessed as shown in Figure 3.8 which shows
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Figure 3.8: Wavelength calibration flowchart detailing the process used to arrive at a
polynomial solution correlating spectral order and pixel column to wavelength.
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the on images averaged together, the off images averaged together and then the difference

between these data arrays is used for further calculations. The benefit of this method is

that it removes the dark current and any background from the room.

3.3.3.2 One-Dimensional Spectra Generation

In order to obtain a wavelength calibration, we first require a one-dimensional spec-

trum for each order. To accomplish this, each of the orders’ boundaries need to be identified.

Although order boundaries can be determined using the algorithm in §3.3.2.2.2 this algo-

rithm had not been successfully adapted to RIMAS when the calibration algorithms were

being generated. Instead, an extended order map (Figure 3.9), generated using the method

outlined in §3.3.1 was used to identify the order boundaries. This is okay for the purpose

of gaining a wavelength calibration, since it is not necessary to gain an exact measure of

the order boundaries since a small amount of added noise will not prevent the detection

of high signal-to-noise emission lines from our calibration lamps. The extended maps are

necessary because they allow for calibration files that are valid across an arbitrarily wide

range on the detector. This helps allow for different cutoff values given for the order ranges

as described in §3.3.2.2. Even though the wavelength calibration will not be valid to the

edges of the detector, as shown in the maps, the solution will be valid over the order range

determined during the aperture tracing step.

Now that the order boundaries have been identified, a spectrum for each order was

generated (Figure 3.10) by aggregating the intensity of each pixel along the vertical direc-

tion, which is effectively along the slit and the direction of degenerate wavelength. In this
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Figure 3.9: Order maps for both the YJ and HK bands overlaying the spectrum acquired
from a continuum source. There are some discontinuities in these maps caused by the
rollover used to align them, however this is well outside of the dispersion and does not
cause any issues as a result.

case the median was chosen as it reduced the background noise. This same procedure is

then performed on the extended wavelength maps (Figure 3.9 in order to obtain a rough

wavelength solution for each order.

3.3.3.3 Emission Line Detection

Now that there reduced spectra to work with, emission lines from the various cali-

bration lamps can be detected. The first step in this process is to run the spectrum for

each order through the peak detector algorithm, which is part of the science pipeline and

also used for the line detection in §3.3.2.2.2. Once detected, each peak is then isolated and
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Figure 3.10: Spectra for each element observed, spectral band, and spectral order. The
intensity for each order is offset by 500 for each order.
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a Gaussian fit (Eq. 3.2) is determined. In Eq. 3.2, I is the intensity, A is the amplitude,

x is the pixel column, x̄ is the mean pixel column, σ is the standard deviation and I0 is

the background intensity. For this fit, I and x come from the data, and the rest are fitting

parameters. If there is a bad fit, a new fit can be determined by zooming out and bringing

in more background data points, zooming in to crop out other peaks, fitting multiple peaks,

or using a user-defined initial guess to begin the fitting process. The plot (Figure 3.11) of

this is then used to determine if this is a legitimate emission line, or if it is a blended line.

If it is a blended line, it is then determined if the peaks can be distinguished. Once the

peak is determined to be legitimate and distinguishable, its Gaussian fit can then be added

to the list of peaks to be identified.

I = Ae
(x−x̄√

2σ
)2
+ I0 (3.2)

3.3.3.4 Atomic Lines List Catalog

In order to identify the emission lines, a good catalog is required. For the YJ spec-

trograph, the NIST catalog [135] was used and for the HK spectrograph the lines listed

in Wavelength Standards in the Infrared [136] were used. It was necessary to use multiple

catalogs since neither catalog covered the full wavelength range observed by RIMAS. In

order to determine if using multiple catalogs would cause issues, lines that appeared in

both catalogs were compared and the difference was determined to be much smaller than

RIMAS’s resolution element.
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Figure 3.11: (a) Detected peak with good Gaussian fit. (b) Illegitimate detected peak.
(c) Blended peaks that cannot be effectively distinguished. (d) Blended peaks that can be
distinguished.

120



3.3.3.5 Line Identification

The next step is to determine the wavelength of each detected line. The location of

each line is determined using the mean found by calculating the Gaussian fit in §3.3.3.3.

For the first round of line identification, the rough wavelength solution generated from

the wavelength map in §3.3.3.2 is used to estimate the wavelength of each pixel column.

For subsequent iterations of line identification, the latest wavelength solution determined

using the method in §3.3.3.6 is used. With this wavelength solution, and the previously

determined line location, the measured wavelength is then determined. This wavelength

is then cross-matched with an atomic lines list catalog. At this point the line location is

plotted (Figure 3.12) alongside the closest catalog values using the standard deviation from

the Gaussian fit as error bars. This allows us to determine if the line has been accurately

identified, or if there is some uncertainty in this matter. If it can be confidently determined

that this is an accurately identified line, it is then saved for use in the wavelength solution

later.

3.3.3.6 Wavelength Solution

With the lines in each order identified for each observed element (xenon, argon,

krypton and mercury), the wavelength solution can be calculated. This is done by fitting

a 2D Chebychev polynomial (Eq. 3.3) to the data by matching the catalog wavelength, λ,

to the measured pixel column, x, within a particular spectral order, m.
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Figure 3.12: The mean location for a detected peak is plotted in blue with error bars
matching its standard deviation. Alongside the detected peak, the closest lines from the
catalog are also plotted and are labeled in the legend with the element and row number
from the element’s catalog text file. (a) Shows a successfully identified line. (b) Shows a
line that cannot be successfully identified due to other peaks within the error region.

λ(m,x) =

i=dm,j=dx∑
i,j=0

CijTi(m)Tj(x) (3.3)

where Ti(x) and Tj(y) are Chebyshev polynomials of the first kind as defined in Eq. 3.4.

T0(x) = 1

T1(x) = x

Ti+1(x) = 2xTi(x)− Ti−1(x) (3.4)

After testing multiple polynomial orders, it was determined that a 3rd degree fit was

best for both pixel column and spectral order. Adding further DOF to this fit, resulted
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Band YJ HK
Mean wavelength (µm) 1.15 1.93
Standard Error (µm) 6.52E-6 1.34E-5
Relative Error 5.67E-6 6.94E-6
Resolution Element (1/R) 2.21E-4 2.02E-4
Error Percentage of Resolution Element 2.56 3.44

Table 3.2: Table exploring the error in the wavelength solution and its relationship to
the resolving power. The mean wavelength is used to calculate the relative error from
the standard error. The resolving power used to calculate the resolution element was
determined in §2.4.2.4.

in insignificant improvements to the standard error. A standard polynomial power series,

λ =
∑

Cijm
ixj, was also fit, but was found to result in a worse fit. After each fit, the

identified lines were checked for outliers, and if there were outliers, the lines were re-

identified with the new wavelength solution as performed in §3.3.3.5. This is especially

important when using the rough wavelength map as the initial fit since it is often difficult

to correctly identify emission lines with this imprecise solution. For both the HK, and YJ

bands, it was found that three iterations of line identification were necessary to correctly

identify detected emission lines. The residuals from this fit can be seen in Figures 3.13

and 3.14. The standard error for these fits can be seen in Table 3.2. As can be seen in the

last row of this table, the error from this fit is much smaller than the resolution element.

3.3.4 Science Pipeline Testing

While the pipeline was under development, it was important to have good datasets

for testing. This provided some issues that need to be overcome since it was desired to

develop the pipeline before commissioning. A number of different datasets were used to

help ameliorate this issue and increase the likelihood of the pipeline working well once it is

working with RIMAS on-sky data.
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Figure 3.13: Plots showing the residuals between the calculated fit, and catalog values of
identified spectral emission lines for the echelle spectrograph’s wavelength calibration. The
top plot shows the residuals for the YJ spectrograph as it relates to position. The bottom
plot shows the residuals for the YJ spectrograph as it relates to spectral order.
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Figure 3.14: Plots showing the residuals between the calculated fit, and catalog values of
identified spectral emission lines for the echelle spectrograph’s wavelength calibration. The
top plot shows the residuals for the HK spectrograph as it relates to position. The bottom
plot shows the residuals for the HK spectrograph as it relates to spectral order.
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3.3.4.1 RIMAS H2RG Lab Spectra

Initially, the data gathered using RIMAS’s original H2RG detectors were used. Al-

though this data was useful for qualitatively confirming the echelle dispersion was as ex-

pected, this data did not work particularly well for testing the pipeline as the noise created

by the large quantity of shorted pixels made it difficult for any of the algorithms to work.

As a result of these difficulties, this dataset was eventually abandoned for pipeline devel-

opment.

3.3.4.2 Echelle++ Simulated Spectra

When it was determined that the initial set of lab data was not going to be useful,

it was clear that a new dataset was needed. At this point, the loaner NIRCAM package

H2RG detectors had been acquired, and the readout harnessing, mechanical structures,

etc. were being developed. Unfortunately, the pandemic had begun at this point, and even

if the necessary parts were acquired, there was no way to access the lab and acquire the

needed data. Luckily, the Echelle++ [143] spectra simulator had recently been developed.

Using Echelle++, spectra were generated for constant density flats, sky emission lines,

constant density “stars”, and an A0V star. All simulations inserted both photon noise and

detector noise. Stellar simulations included both sky emission and sky absorption, and

were simulated in both A-B-B-A and ON-OFF-OFF-ON patterns.
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3.3.4.3 RIMAS H4RG Lab Spectra

After the final H4RG detectors were acquired, the next round of RIMAS lab spectra

were observed as discussed in §2.4.2.1. Using this data the pipeline was further tested,

so that we could be confident of the spectral order identification, and the wavelength

calibration files are much closer to what will be used on the telescope.

3.3.4.4 DeVeny NIR Data

With the Echelle++ simulations and RIMAS lab data, the pipeline had been well

tested on simulated stellar sources, and lab collected data. However, we still wanted to

be able to test the pipeline using on-sky data to identify any important issues that were

missed. To accomplish this, data was acquired using at LDT with DeVeny. For this test,

DeVeny was configured to observe wavelengths towards the red end of its capabilities, and

an R≈4000 grating to be as similar to RIMAS’s echelle mode as possible. Data was then

acquired with both ON-OFF-OFF-ON and A-B-B-A dithers of multiple standard sources

so that RIMAS data reduction could be compared with catalogued spectra. This testing

was mostly successful with the exception of the telluric correction algorithm. The built-in

method for correcting spectra for telluric absorption was made for a much higher resolution

spectrograph, IGRINS, which did not have the issue of blended absorption lines. As such, it

did not handle broad absorption features in the spectra. To fix this, the telluric absorption

correction algorithm from PypeIt was integrated in its place as discussed in §3.3.2.4.
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3.4 Imaging Data Reduction

The data reduction pipeline for RIMAS’s imaging mode3 is based on an adaptation

and improvement of the pipeline developed for LMI and RATIR [53]. With the recent

upgrades, this pipeline is capable an entire night’s observations with a single command,

while being being flexible enough to handle exposures as they appear. The overall data

reduction steps to go from multiple exposures, for a single target to a stacked and calibrated

image is shown in Figure 3.15. Based on header data, the files are separated between

calibration images (flats, darks, and biases), and science images. Master calibration files

are then created by (1) stacking the bias frames to create, when appropriate for a given

instrument, (2) subtracting this master bias from the dark calibration frames, (3) stacking

the dark frames, and (4) stacking each of the flat frames by filter after the bias and dark

current has been subtracted. Next, each science frame is then calibrated by subtracting

the bias and dark current, and flat fielded with the normalized flat. The background from

the sky is then subtracted by masking sources, and then median stacking the dithered

images. This sky background is then adjusted to match the background of each individual

exposure, and subtracted. Cosmic rays are then removed using a Laplacian cosmic ray

identification algorithm [144]. Astrometry is then calibrated using code adapted from

commonly used astrometry code initially developed for VLT.[145] The zero-point and flux

calibrations are then calculated using multiple catalogs (SDSS, Pan-STARRS, 2MASS,

USNO-B, and APASS) as appropriate for the field observed and the filter used. With

each individual exposure fully calibrated, the images are then stacked with SCAMP [146].

3https://github.com/astroumd/photometrypipeline
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Photometry can then be generated for each detected source using the same catalogs that

were named above. For RIMAS, the bias subtraction and cosmic ray removal can be skipped

since they are handled during the ramp reduction process.

While being prepared for RIMAS, this pipeline was upgraded in a number of ways.

A number of collaborators were having issues installing the pipeline to begin with due to

the AstrOmatic dependencies (Sextractor, SCAMP, SWarp, etc.), so a docker container4

was created with each of these dependencies already compiled. Using the original python

interface was a bit tricky in the docker format, so to make things more seamless a well

documented command line interface was developed. This allows the docker container to be

used like any other command line tool. The sky subtraction method was also improved to

allow for target specific sky generation, and better masking of sources. The zero-point/flux

calibration was made more accurate through improved masking of saturated sources. Fi-

nally, the code was converted from Python 2 to Python 3 in order to future proof the

codebase, and make future improvements easier to implement.

4https://hub.docker.com/r/joedurbak/photopipe
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Figure 3.15: Flowchart showing the steps taken in reducing imaging data.
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Chapter 4: PRIME Instrumentation

The PRime-focus Infrared Microlensing Experiments (PRIME) camera is part of the

joint NASA-JAXA project supporting the RST engineering and science studies. It is in-

stalled on the 1.8 m PRIME telescope with a ≈1.5 square degree FOV dedicated to the

project. The instrument is equipped with multiple broad band and narrowband filters be-

tween 0.9 µm to 1.8 µm. The instrument is installed at the South African Astronomical

Observatory and has been in continuous operation since October 2022. PRIME is currently

surveying the Galactic bulge for microlensing events, GW and GRB studies and other sci-

ence objectives, in advance of the RST mission. The GW and GRB studies are aided by

PRIME’s continuous availability for ToO observations. After 1.5 years of on-sky operation,

we present the use, performance and lessons learned operating RST’s yield demonstration

lot H4RG-10 detectors as part of the PRIME camera based on the data processing and

analysis tools that we have developed. With the large field of view in the near infrared

bands this instrument is a powerful tool in the Southern hemisphere and a complement to

the instruments in the North and in the visible. Large portions of this chapter are only

slightly edited from the SPIE paper [3] I wrote on PRIME.
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4.1 Overview

Commissioned in October 2022, the PRIME consists of a 1.8 m telescope in Suther-

land, South Africa, and a cryogenic NIR camera (≈100 K) in its prime focus. The ob-

servatory has been developed through a collaboration framework between NASA and the

Japan Aerospace Exploration Agency (JAXA) to ensure the success of the RST microlens-

ing mission both scientifically, and through instrumentation. At present, NIR microlensing

event rate has been determined by extrapolating results from optical microlensing surveys

to NIR wavelengths.[147] Constraining these values via ground-based observations, will

help RST simulations by reducing uncertainty in these estimates. Furthermore, after RST

launch, PRIME will observe fields simultaneously with RST to achieve parallax measure

ments. PRIME is supporting RST instrumentation through the first astronomical use of

the RST package H4RG detectors, and RST detector readout and control ASICs. This

helps evaluate the performance of these detectors with long-term astronomical use.[54]

4.1.1 Observatory Overview

Located at the South African Astronomical Observatory (SAAO) site in Sutherland,

South Africa, PRIME complements other microlensing observations in the southern hemi-

sphere: Microlensing Observations in Astrophysics (MOA) telescope in New Zealand, the

Optical Gravitational Lensing Experiment (OGLE) in Chile and the Korea Microlensing

Telescope Network (KMTNet) in Chile, Australia and South Africa. Designed as an NIR

twin to the optical MOA telescope, PRIME telescope consists of a 1.8 m telescope with

the cryogenic camera in the prime focus. Using a five lens assembly to focus the beam,
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Form factor Prime focus reflector telescope
Diameter 1.8 m
Diameter ratio F/2.29
Image sensor HAWAII-4RG-10
Number of image sensor chips 4 (2x2 array)
Number of pixels per chip 4096x4096
Pixel size 10 µm
Pixel scale 0.5′′/pixel
FOV 1.56 deg2 (1.29 deg2 without the chip gap)
Wavelength range 800 nm to 1800 nm

Filters
Z, Y, J, H,
Narrow Band (1063/10 nm, 1190/11 nm,
and 1644/24 nm), and blank

Table 4.1: Specifications for both the telescope and camera

PRIME has a focal length of 4125 mm. With the observatory built, the telescope installed,

and the camera commissioned, PRIME is currently operating in its commissioning phase

(Figure 4.1).[54]

4.1.2 Instrument Overview

Located in the prime focus of the telescope, PRIME camera is the primary instrument

(Figure 4.2). The camera, which is mechanically mounted to the telescopes field derotator to

compensate for the field rotation caused by the altitude-azimuth telescope mount, is a single

unit consisting of a cryogenic compartment within its dewar, and a warm compartment

outside of the dewar. The cold space is cooled to ≈100K using CryoTel GT coolers [120].

Within the cold space (Figure 4.3), there is a 2x2 array of RST packaged H4RG-10 detectors,

and 2 filter wheels in series containing Z, Y, J, H and a composite narrow band filter. The

narrow band filter has band passes of 1063 nm, 1190 nm, and 1644 nm, which are within

the Y, J, and H bands respectively (Figure 4.4). The detectors are readout and controlled

using 4 cryogenic ACADIA (ASIC for Control And Digitization of Imagers for Astronomy)
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Figure 4.1: (a) Photograph of the telescope inside of the dome with the camera commis-
sioning team in the foreground. (b) Photograph of the observatory taken at dusk. (c) Map
showing the location of the observatory, and the drive from Cape Town.
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Figure 4.2: The PRIME camera can be seen on the right mounted to the telescope. The
black portion is the covered electronics deck, which contains the various electronics and the
bulk of the cryocoolers. This can be seen in the model on the left. The lower blue portion
in the photograph on the right is the instrument dewar, which contains the detectors and
filter wheels. The camera is mounted to the telescope’s field derotator.

ASICs (one for each detector), and 2 room temperature Multi-Purpose Control & Interface

Electronics (MACIE) FPGAs. The cryogenic ACADIAs control the detectors by supplying

clocks and bias voltages, and read the detectors by converting the output analog signal to

digital.[133] The room temperature MACIEs control the ACADIAs and send the detector

data back to the instrument control computer.[148] This is the first astronomical use of

these RST package H4RG-10 detectors.[54] Besides the MACIEs, the warm space contains

communications electronics, the pressure gauge, temperature measurement and control

electronics, motor controllers, and the remotely controlled power distribution unit.
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Figure 4.3: PRIME’s cold assembly, which operates at ≈100 K. Right: In this space there
are 2 filter wheels in series, that are controlled by the pictured motors, and held in position
by the pictured registration mechanism. Left: The filter wheels are removed to show the
2 x 2 mosaic detector array, and the 4 ACADIA ASICs that control them. Not pictured:
There is a cold shield covered in multi-layer insulation enveloping this assembly with a cold
window allowing light through.

Figure 4.4: The bandpass is achieved through four IR filters, whose bands are indicated
with different colors and labels. Combining a broadband filter (Z, Y, J or H) with a narrow-
band filter, narrow-band observations in one of the three bandpasses indicated in pink can
be archived. The filters were purchased from Optical Coatings Japan.
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4.1.3 Commissioning and Servicing

PRIME camera was installed, and operational in October 2022. Unfortunately, during

shipping the instrument experienced significant damage resulting in one of the ACADIAs

being unresponsive, one of the detectors becoming noisy, and many unreadable channels

from another detector. During commissioning, the team was able to open the instrument,

and determine the root cause of most of the issues. The unreadable channels were recovered,

and many loose screws within the cold space were tightened. The damaged ACADIA was

determined to be unrecoverable, and the other detector remained noisy. Still, the camera

was able to be mounted to the telescope, and begin taking data with a reduced FOV.

During this period with the missing detector, the collaboration was still able to begin

taking science data, work on optical alignment [55], work on pipelines, and debug issues with

the instrument. During the second night of observations, PRIME was able to observe GRB

221009A [47, 149, 150](Figure 4.5), the brightest GRB ever observed [47, 150]. While still

waiting for replacement parts, PRIME was also able to observe GRB 230307A (Figure 4.5),

the GRB with the second-highest recorded γ-ray fluence with the first GRB afterglow

observed by JWST.[151] This observation helped identify that this event was related to a

kilonova despite its long duration.[46] Galactic Bulge, and other adhoc observations were

also begun during this period despite the reduced FOV.

In June 2023, PRIME camera was serviced to repair the remainder of the damage

sustained in shipping. This involved replacing the damaged ACADIA, and the damaged

harness that was causing the noisy readout. A few other optimizations were made by

improving the thermal contact to the cold window, adjusting the motor to filter wheel in-
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Figure 4.5: Observations, of GRB 230307A, GRB 221009A, and NGC 253 taken by
PRIME. The GRB 230307A images show clear detections in H, J and Y bands. GRB
221009A was the first transient detected by PRIME. NGC 253 was observed as a test
image using the previously unavailable detector, during the service mission.

terface, and adding more Acktar [152] blackout material. Using measurements gained since

the initial commissioning trip, the spacer distance between the camera and the derotator

was also decreased to optimize optical performance. After these repairs, the camera was

able to be cooled, and mounted to the telescope again. Since this service mission, PRIME

has been operating continuously with all 4 H4RG detectors operating as expected.

4.2 Camera Design

While §4.1.2 gives a short in introduction to PRIME cam, this section gives a more

detailed view of the instrument. The basic layout of PRIME cam’s systems is shown

in Figure 4.6, which details the detector systems, filters, mechanisms, cryogenics, and

housekeeping electronics for this system. PRIME camera’s components were chosen so

that the overall assembly would be as small as possible given the location of the instrument

in the prime focus.
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Figure 4.6: Block diagram of the PRIME camera electrical system. Yellow: detector
subsystem; pink: the environmental control (temperature) and pressure monitoring; orange:
the mechanical subsystem (filter wheels and motor drives). The blue-shaded rectangle
identifies the cold space the green-shaded rectangle is the cryostat vacuum space; the gray
shaded area is the warm electronics assembly that is mounted on top of the camera dewar.
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4.2.1 Cryogenic Assembly

As can be seen in Figure 4.6, the cryogenic assembly contains the detectors, detec-

tor control ASICs (ACADIAs), detector alignment mechanisms, filter wheels, cryocoolers,

thermometry and temperature control heaters. The cooling is done with the same Cry-

otel GT cryocoolers described in §2.4.8, which were chosen for their cooling power and

compactness. Both cryocoolers have charcoal cage getters connected to their cryoheads,

and only one is connected via cold strap to the cold plate. The other cryocooler is not

connected to the cold plate so that it can operate at a lower temperature, and improve

cryopumping. The two filter wheels operate in combination with four filter slots on each

wheel. One of these slots is left open on each wheel so that the bandpass filter from the

other wheel is unobstructed. The wheel closest to the window contains Y, J and H band

filters, while the wheel closest to the detectors contains Z band, narrow band, and blocking

filters. As described in §4.1.2 the narrowband filter is used in combination with the Y,

J, and H band filters to pick one of three narrow bands. These filters are moved by the

same NEMA motors, and similar registration mechanisms used for RIMAS as described in

§2.4.6.1. The 2x2 array of H4RG-10 detectors are mounted to a single stainless steel plate,

with slotted mounting holes to prevent warping of the detector surfaces. These detectors

were aligned to be coplanar using a CMM machine operated by RST engineers, and re-

placing their mounting bushings with the appropriate thicknesses. The stainless steel plate

is mounted to three piezoelectric linear actuators that were adjusted such that the 2x2

detector array was aligned to be parallel to the mounting plate using measurements from

an alignment telescope. The detectors themselves, and the cryogenic ASICs used to read
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them are described in greater detail in §4.3.

4.2.2 Electronics Assembly

The electronics (or warm) assembly contains the ASIC control FPGAs (MACIEs),

PDU and power supplies, motor controllers, thermometry measurement and control, cry-

ocooler bodies and controllers, and communications electronics. All of these items are

liquid cooled using chiller plates, and build in cooling lines.

4.2.2.1 Thermometry

As described for RIMAS in §2.4.8.2, the Cryotel GT coolers temperatures, power

output, and vibration are controlled by to AVC controllers located in the electronics deck.

One PID temperature controlled cryocooler is strapped to the cold plate, and the other

is not connected to anything, and run at constant power in order to run colder. Inter-

nal and external temperatures are measured, and heaters are controlled with a custom

housekeeping box used for Balloon Experimental Twin Telescopes for Infrared Interferom-

etry (BETTI) [153]. The housekeeping box was chosen for its compactness relative to the

Lakeshore temperature controllers/monitors that were available at the start of the project.

4.2.2.2 Communications

From the start of PRIME, the plan was to send all communications to the control

room via fiber in order to avoid issues with cabling range, and electrically conductive

materials that could be an issue in the event of a lightning strike. Since there are robust
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protocols to accomplish this with ethernet connections, ethernet switches with both copper

and SFP connection were chosen. The SFP connections are compatible with a number

of different mediums, but in this case we chose to use OM3 multimode fiber. Given this

ethernet schema, all communications needed to be eventually converted to ethernet in the

electronics deck, and USB communications needed to be changed back in the control room

as shown in Figure 4.7. To accomplish this, serial device were converted to USB, and all

USB devices were carried over LAN with and Icron Ranger [117] in the same way described

for RIMAS in §2.4.7.3. Also, to reduce the number of fiber connections needed between

the camera and the control room, a fiber to USB converter was used inside the electronics

box for the housekeeping box.

4.2.2.3 PRIME Power Distribution

In the lab, we were able to control power to the individual devices using the PDUs

used by RIMAS (discussed in §2.4.7.4), however this rackmount power strip form factor

was too large for PRIME camera’s envelope. As a replacement a WebRelay-10 Plus™ [154]

was chosen for both its compactness, and its capacity for PRIME camera’s voltage (up to

240 VAC) and current requirements. Using this WebRelay, each electrical component can

be powered off and on remotely despite some components sharing power supplies, as shown

in Figure 4.8. With the WebRelay GUI, default states and available actions for any given

relay are configurable. The default state for most of the devices is to be powered on, but

the cryocoolers and MACIEs defaults are set to be powered off to avoid unsafe outcomes.

Since the communications are all done through the LAN switch, there is only a reset switch
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Figure 4.7: Diagram showing the communications diagram for PRIME. The Electronics
deck is mounted directly to the camera dewar. The control room is in a different room
within the observatory.
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for this component in the GUI, and the on and off buttons are removed. The connections

shown in Figure 4.8 are made using individual wires currently, but a PCB design has been

created for future versions if they are needed.

4.2.2.4 Motor Controllers

The detector plane adjustment piezoelectric linear actuators are controlled using the

manufacturer’s controller [155]. The filter wheels are controlled using an Arduino Mega

2560 microcontroller with a Trinamic stepper motor control board using a similar interface

to the one used by RIMAS, discussed in §2.4.7.6.

4.3 Detectors

As discussed previously, PRIME camera’s sensors are four H4RG-10 detectors ar-

ranged in a 2x2 array. These are RST prototype detectors fabricated for the Roman IR

Detector Technology Advancement Program (DTAP), aimed at optimizing the design of

RST detectors.[78] These prototype arrays were used to optimized device characteristics

such as the number of hot pixels, QE, total noise, interpixel capacitance, and persistence.

PRIME’s detectors were selected from these, which all had read noise, dark current, and

QE well within requirements.

4.3.1 Detector Readout System

As described in §4.1.2, PRIME camera’s 4 detectors are controlled and read by 4

ACADIAs, which are in turn read and controlled using 2 MACIEs. The initial strategy for
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Figure 4.8: Diagram showing the power distribution diagram for PRIME. Each of the
terminals is a remotely controlled relay from the WebRelay-10 that is used as a power
switch. To conserve power and reduce the risk from unresponsive relays, the powered on
configuration for these devices is set to Normally Closed (NC).
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PRIME was to use Leach Generation IV controllers to read out and control these detectors

since they were compact enough to fit with our assembly, and we should have been able

to leverage code developed for these devices by the Detector Characterization Laboratory

(DCL). However, the software to run the controllers was completely new since the under-

lying code base had changed languages from Assembly to C, and the slow manufacturing

of these new systems prevented the DCL from developing the new code needed to run our

detectors. Thanks to RST support, we were able to acquire the same detector readout and

control ASICs being used for RST, ACADIAs. The ACADIA is a cryogenic detector control

and acquisition system on an ASIC that can provide clocking and biases to the detectors

and digitize up to 40 detector outputs in parallel.[133] These ACADIAs are controlled by

an FPGA, which in turn takes commands, and returns data from the control computer.

While RST uses a different set of FPGAs better suited to their 18 detector array, we use 2

MACIEs from the same manufacturer, Markury Scientific. These were recommended to us

because they have an improved Application Programming Interface (API) in comparison

to the RST FPGAs, they are more compact, and they can use the same ACADIA config-

uration files needed to control the detectors. The DCL also uses MACIEs, so previously

tested configurations could also be used for the MACIEs, and after further development

commissioned by RST, a single MACIE can control 2 ACADIAs. In PRIME’s configu-

ration, communication between the PC and MACIEs is done via GigE interface to one

MACIE, which controls the other MACIE via a board-to-board interconnect.[148] This

configuration is designed to synchronize all 4 ACADIAs, and their corresponding H4RG-10

detectors. The software developed to read interface between the MACIE API, and the

control software is described in the next section.
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Figure 4.9: Photograph showing the fully connected readout chain on the bench. The 4
H4RG-10 detectors are to the left of the photograph inside of the baffling assembly, and
a cover has been placed over them to prevent damage. The 4 ACADIAs are the 4 gold
coated devices towards the middle of the photograph that are connected to the detectors
via cryogenic wire created using phosphor bronze and high gauge copper conductors in
twisted pairs. These are connected to the 2 MACIEs, the 2 stacked blue PCBs that are
off to the right in the photograph, via phosphor bronze then, past the feedthrough, copper
harnesses.
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4.3.2 Detector readout software

The MACIE comes with software that allows for full testing of MACIE functionality

via Graphical User Interface (GUI), including: configuring the MACIE, configuring the

ACADIA, data acquisition, register reading/writing for the MACIE, and register read-

ing/writing for the ACADIA. This GUI runs on an API, written in C, that installed

alongside that software, and is very useful for integration with both control and data re-

duction software. Astrophysics Science Detector (asdetector1) was developed to serve this

purpose as a high-level interface (Command Line Interface (CLI) or Transmission Control

Protocol (TCP)) to acquire detector data using application specific settings.[156] To lever-

age existing libraries, RST data reduction codebases, and my own skill set, the MACIE

API was fully wrapped in python using ctypes [157], a built-in library for python. This

python wrapper was developed such that all functions could be used in a pythonic manner

familiar to most Python users (e.g. returning a numpy array instead of a pointer).2 Since

the majority of MACIE API functions refer to the same attributes of a MACIE, and its

dependents (the other MACIE and ACADIAs), it was natural to take an object-oriented

approach to add another layer to this wrapper. ASDetector uses a base MACIE class that

contains all API functions relevant to the device, and useful high level functions for ini-

tialization of ASICs, acquiring exposures, and closing the interface.3 This parent class is

inherited by child classes that are specific to the used interface (GigE, USB or CamLink),

1https://github.com/joedurbak/asdetector-public
2https://github.com/joedurbak/asdetector-public/blob/main/asdetector/detector/macie/

api.py
3https://github.com/joedurbak/asdetector-public/blob/main/asdetector/detector/macie/

io.py
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and ASIC (ACADIA or SIDECAR). These classes are then inherited in pairs to gain the

attributes for both interface, and specific ASIC (e.g. GigE-ACADIA or SIDECAR-USB).

This allows for flexibility with communication methods and ASICs with minimal effort

required to develop new code. At the highest level, this code is interacted with via TCP

server or CLI. The TCP server communication method was chosen for its low interactivity

with the camera control software written in LabVIEW,4 [158] and the CLI is useful for

quick testing/lab data acquisition. The asdetector code is also setup to do detector data

reduction to reduce SUTR data using methods described in §3.2. This integration makes

it simple to integrate data reduction tools created for RST.

4.3.3 Detector Characterization

A round of detector characterization/testing were done during PRIME camera de-

velopment. CDS noise (Table 4.2) and dark current (Table 4.3) measurements of one of

PRIME’s detectors made while varying the electronics, control loops, and detector temper-

ature. The left column in each table designates the variation from the default configuration,

and the detector temperature during the measurement. The gain for these measurements

is ≈2 e−/DN . The default configuration had the detector and ACADIA temperatures

PID controlled, the cryocoolers running in constant temperature mode, a turbo pump is

maintaining the vacuum, and a linear power supply is used to power the MACIE. This

test showed no significant noise contributions from the switching power supply, cryocooler,

and less stable ACADIA temperature. Knowing this relaxed many constraints for PRIME

camera’s final configuration. The only significant contribution seen in this test comes from

4https://github.com/GSFC-PRIME/prime
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Mean
(DN)

Median
(DN)

Std. Dev
(DN)

16th Per.
(DN)

84th Per.
(DN)

Default
(95 K)

13.959 13.999 6.885 12.282 15.344

ACADIA PID Off
(95 K)

13.989 14.022 6.912 12.283 15.392

Cryocooler Off
(95 K)

13.961 13.888 7.298 11.713 16.026

No Pump
(95 K)

13.953 13.984 6.949 12.224 15.373

Switching supply
(95 K)

13.959 13.995 6.836 12.280 15.353

Default
(100 K)

14.623 14.279 9.351 12.475 15.839

Default
(105 K)

16.830 14.673 17.491 12.720 17.096

Table 4.2: Single Detector CDS Noise Test

increases in detector temperature. However, this noise contribution is much less than the

background shot noise observed during observations. Dark current (Figure 4.11) and CDS

noise (Figure 4.10) were also measured in the final configuration, which was much warmer

(115 K) than the single detector test due to the 0.5 W heating contribution from each of

the three extra ACADIAs needed in the final configuration. Predictably, this increased

temperature resulted in higher CDS noise and dark current, but these values were still

within requirements.

4.4 Data Reduction

At a basic level, PRIME requires two types of data reduction pipelines: ramp reduc-

tion software to fit multiple frames into a single exposure, and a photometry pipeline to

reduce multiple exposures into a stacked and calibrated image.
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Figure 4.10: CDS noise for each of PRIME camera’s detectors in the final configuration.
The gain for these measurements is ≈2 e−/DN .
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Figure 4.11: Dark current for each of PRIME camera’s detectors in the final configuration.
The gain for these measurements is ≈2 e−/DN .
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Mean
(DN/s)

Median
(DN/s)

Std. Dev
(DN/s)

16th Per.
(DN/s)

84th Per.
(DN/s)

Default
(95 K)

2.820 1.639 3.983 1.144 3.764

ACADIA PID Off
(95 K)

2.857 1.649 4.044 1.154 3.825

Cryocooler Off
(95 K)

2.926 1.673 4.171 1.159 3.937

No Pump
(95 K)

2.949 1.719 4.113 1.201 3.952

Switching supply
(95 K)

2.834 1.687 3.912 1.177 3.766

Default
(100 K)

4.054 1.735 6.581 1.171 6.024

Default
(105 K)

6.429 1.862 10.915 1.180 11.284

Table 4.3: Single Detector Dark Current Test

4.4.1 PRIME Ramp Reduction

As PRIME’s detector hardware is based off of RST, all exposures taken by PRIME are

acquired in SUTR mode. This means that signals are read periodically (every ≈2.86 s) after

resetting the pixels. Each frame up-the-ramp is reference pixel corrected using methods

similar to those described by Rauscher, Fixsen and Mosby [87]. Each of the frames are then

corrected for nonlinearity [159]. After each frame has been processed as described, ramp

fitting and cosmic ray removal are done in real time using a memory efficient method [132].

4.4.2 PRIME Photometry Pipeline

The results in §4.5 are based on the GRB/GW follow-up team’s photometry pipeline

written by Orion Guiffreda [160], a baccalaureate researcher working with us, which uses

the steps described here, and laid out in Figure 4.12. Initial astrometry is generated for
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each ramp reduced exposure by first calculating World Coordinate System (WCS) using

the telescope pointing position and rotation offset, and then running the image through

a local installation of astrometry.net [161]. These images are then flat fielded using the

most recently observed and stacked set of sky flats. A sky image is then generated by

masking sources via sigma clipping, normalizing the sigma clipped images, and taking

a median across dithered exposures for a target. Pixels that are still masked after the

median stacking, are then filled with values from a spatial mean. This normalized sky

is then denormalized for each exposure by multiplying by the sigma clip masked median

for that exposure. This denormalized sky is then subtracted from the image. With the

background removed, the astrometry is refined again using astrometry.net. The astrometry

is improved yet again by identifying sources with SExtractor [162], and calculating WCS

with SCAMP [146]. These astrometry calibrated images are then median stacked using

SWarp [163]. Photometry is then calculated using an appropriate catalog to the observed

field and filter along with PSFex [164].

4.5 Performance

With PRIME observations in progress, and data reduction being performed as de-

tailed above, progress can be reported for both the surveys and performance. This sec-

tion shows the quality of photometry currently being achieved with PRIME, and how the

throughput evolves over time.

Using the data acquired during an arbitrarily chosen ToO follow-up dataset taken on

2024-03-18 of EP240315a [165], the photometric calibration fit, and corresponding residuals

154



Figure 4.12: Diagram showing the steps performed by the photometry pipeline.
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plot in Figure 4.13 were generated. This observation was performed in J-band, and was

stacked from 90 exposures of 20 s. Photometric calibration was performed using VISTA

Hemispherical Survey (VHS) [166] data. As can be seen in Figure 4.13, our calibration

matches VHS, as the residual dispersion is well scattered around 0. Also, the slope of the

linear fit between PRIME and VHS sources is nearly unity when the offset is set to zero.

Using another arbitrarily chosen ToO follow-up dataset taken on May 19, 2024 of

EP240518a [167], the J-band limiting magnitude was calculated over time by stacking

different numbers of 60 s exposures, and the results of this are shown in Figure 4.15. The

limiting magnitude was determined by binning detected magnitudes into 0.1 mag bins,

and selecting the magnitude at half the maximum as shown in Figure 4.14. The moon’s

illumination was 80%, and was located 55 deg from the observed field. The airmass was

≈1.1 during these exposures. This sensitivity is near the expectations for the instrument.

4.6 Current Observations

4.6.1 Observing Strategy

During this the observatory’s commissioning phase, observations are acquired in a

few different modes: Galactic Bulge (GB) survey, J-band observable sky survey, calibration

fields, target of opportunity (ToO) requests, and ad hoc requests from partners. At the

beginning and end of every night, sky flats are acquired in an alternating broadband filter

when weather permits. The GB survey is performed whenever the bulge is observable by

PRIME according to a preset grid (Figure 4.16). These observations are performed without

dithering to increase throughput. When the GB is not observable, the default mode is to
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Figure 4.13: The plot on the left shows the cross-matched photometric fit of detected
PRIME sources against VHS sources in J-band. The plot on the right shows the residuals
of the fit.

Figure 4.14: Plot showing a histogram of the detected sources in J-band after stacking
thirty 60 s exposures. The limiting magnitude was determined by selecting the value at half
the maximum. This histogram was created for each of the data points shown in Figure 4.15.

157



Figure 4.15: Limiting J-band mag (Vega) vs. time plot created using stacked exposures
of 60 s in sets of 3, with detected sources in 0.1 mag bins.
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Figure 4.16: These are the various grids used by PRIME. The GB grid is used primarily
for GB observations, and grid fields do not overlap. The all sky grid is the primary grid
ideally used for all other observations. Pointing positions in this grid are spaced 1.136 deg
apart, so that there is a small overlap in grid fields. The offset all sky grid is used when a
target of interest falls within a chip gap. This field is shifted half a detectors FOV in both
right ascension and declination.

obtain dithered tiled observations of the observable all sky grid (Figure 4.16) in J-band.

ToO, calibration, and ad hoc observations are preferred to be taken according to the all

sky grid whenever possible. If the source of interest is within the chip gap, the offset all

sky grid is the net preferred option.

4.6.2 All Sky Coverage

As discussed in §4.6.1, when higher priority targets are not in the queue, the ob-

servable all sky grid is observed in J-band using 6 dithered exposures of 10 s. Based on

Figure 4.15, these exposures result in a limiting magnitude >19 on the Vega scale. By an-
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Figure 4.17: PRIME J-band coverage on the observable all sky grid. Coverage is ≈7000
deg2 within a year of the June 2023 servicing mission. Off grid observations are not included.
Limiting magnitude > 19 Vega.

alyzing the logs within a year of the servicing mission in June 2023 for unique all sky grid

numbers, Figure 4.17 is generated. Multiplying the number of grid locations by 1.136 deg

x 1.136 deg grid spacing, the coverage of this survey is found to be ≈7000 deg2.

4.6.3 Observation Software

Similar to RIMAS, we want to be able to use PRIME to observe transient events as

soon after initial detection as possible. To facilitate this, another GCN monitor was created

for PRIME [168] based on the code discussed in §2.4.9 with observability calculations made

using PRIME’s location. Since PRIME is operated exclusively by Osaka University, this

160



monitor is not integrated into the LabVIEW instrument control software as in the RIMAS

case. Instead, GCN alerts are sent to the PRIME ToO group’s Slack channel, and formatted

in Markdown since Markdown is natively supported in Slack. To make things even more

convenient, airmass and sky plots, and observation lists are also generated and sent in the

same Slack conversation with the GCN alert. The observation lists are already snapped

to the appropriate grid as described in §4.6.1. Alerts are only sent for targets that are

observable within the next 24 hours based on time observable above a preset elevation at

night. LVK detection probability maps are tiled using gwemopt5 [169] software, and the

observation list is generated based on these pointings.

4.7 PRIME Transient Follow-Up

Since commissioning, PRIME has been used to follow-up transient events including

GRB detections by Fermi and Swift, fast X-ray transient detections by Einstein Probe

(EP), GW detections by LVK, and other similar events reported by the community in

GCN circulars and Astronomer’s Telegram (ATel) posts. PRIME managed to have im-

mediate scientific impact by observing the afterglow of the brightest GRB ever observed,

GRB 221009a, during the second night of observations.[149] These observations aided in

determining a more accurate model for the overall structure of this GRB [47]. The after-

glow from the second brightest GRB ever observed, GRB 230307a, was also detected by

PRIME, and helped determine that the likely progenitor system was a lanthanide-rich kilo-

nova despite its long duration.[46] These transient observations, along with other transient

observations, are summarized in Table 4.4 along with their publications. As can be seen in

5https://pypi.org/project/gwemopt/
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Figure 4.18: PRIME J-band tiling of S240422ed as shown on Gravitational Wave Trea-
sure Mapb. The innermost red outline encompasses the 50% probability region, and the
outermost red outline encompasses the 90% probability region of the S240422ed detection
by LVK. PRIME’s coverage is shown by the white squares.

ahttps://treasuremap.space/alerts?graceids=S240422ed
bhttps://treasuremap.space/alerts?graceids=S240422ed

the table, a lot of these observations did not result in GCN circulars or ATel posts. This

was due to the photometry pipeline development being in flux, and analysis taking up to

a month after observation. The tiled observations of S240422ed are shown in Figure 4.18.
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Table 4.4: PRIME Transient Follow Up

Transient Observation dates Publications

GRB 221009A 2022-10-09, 2022-11-05, 2022-11-07,

2022-11-09

GCN 32654 [149],

Science Advances [47]

Swift-J103441.7 2023-01-31, 2023-02-01

GRB 230307A 2023-03-08 Nature [46]

GRB 230812A 2023-08-15

GRB 230815A 2023-08-19

GRB 230827A 2024-08-27, 2024-08-28, 2024-08-29

GRB 230906A 2023-09-06

GRB 231117A 2023-11-17, 2023-11-18

GRB 231210B 2023-12-10, 2024-01-14

GRB 240122A 2024-01-23, 2024-01-24, 2024-02-04,

2024-04-01
GCN 35633 [170]

GRB 240205B 2024-02-07, 2024-02-10, 2024-02-11 GCN 35708 [171]

swift false alarm 2024-02-17,2024-02-18

SRGA

J144459.2-604207

2024-02-22, 2024-02-23, 2024-02-26,

2024-02-27
ATel 16499 [172]

GRB 240222A 2024-02-24

GRB 240303A 2024-03-05

xrf 1 2024-03-07, 2024-03-11

EP src2 2024-03-07, 2024-03-11

163



EP 240315A 2024-03-16, 2024-03-18 GCN 35956 [173]

EP 240408A 2024-04-09, 2024-04-11

GRB 240402B 2024-04-12, 2024-04-13

EP 240418A 2024-04-18

GRB 240419A 2024-04-18

S240422ed

2024-04-23, 2024-04-24, 2024-04-25,

2024-04-27, 2024-04-28, 2024-04-29,

2024-04-30, 2024-05-01, 2024-05-07,

2024-05-09, 2024-05-12, 2024-05-15,

2024-05-16, 2024-05-18, 2024-05-19,

2024-05-20, 2024-05-21, 2024-05-22,

2024-05-23, 2024-05-24, 2024-05-25,

2024-05-26, 2024-05-27, 2024-05-28,

2024-05-29

GCN 36306 [174]

EP 240518A 2024-05-19,2024-05-21

GRB 240702A 2024-07-06

GRB 240805B 2024-08-05

EP 240804A 2024-08-06

EP 240807A 2024-08-08 GCN 37118 [175],

GCN 37153 [176]

EP 240809A 2024-08-13, 2024-08-15, 2024-08-16,

2024-08-20

GRB 240812C 2024-08-13, 2024-08-15, 2024-08-16

EP 240816A 2024-08-17, 2024-08-23, 2024-08-24 GCN 37212 [177]

EP 240820A 2024-08-22 GCN 37250 [178]
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GRB 240821A 2024-08-23, 2024-08-30, 2024-09-10 GCN 37323 [179]

GRB 240825A 2024-08-25 GCN 37303 [180]

EP 240919A 2024-09-21, 2024-09-22, 2024-09-26

EP 241001A 2024-10-01

GRB 241002B 2024-10-02, 2024-10-03, 2024-10-04
GCN 37700 [181],

GCN 37712 [182],

GCN 37736 [183]

GRB 241006A 2024-10-06 GCN 37730 [184]

GRB 241009A 2024-10-10, 2024-10-11

EP 241021A 2024-10-22

GRB 241105A 2024-11-06 GCN 38121 [185]

GRB 241107A 2024-11-12

GRB 241113A 2024-11-13 GCN 38227 [186]

GRB 241115A 2024-11-18 GCN 38274 [187]

GRB 241127A 2024-11-28 GCN 38384 [188]
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Chapter 5: Final Considerations

5.1 Summary

This thesis work explores the development of hardware and software to study GRBs

in the NIR. As explored in §1.1.2, §1.1.4, and §2.2.1, NIR instruments are essential to

multi-wavelength observations of GRBs. Towards this end, this thesis work has primarily

focused on the development of two instruments, RIMAS and PRIME, to quickly perform

NIR follow-up observations of GRB detections. RIMAS will soon provide quick photometric

and spectroscopic measurements of NIR counterparts to GRBs. These NIR observations

will be of great help in studying optically dark bursts (especially those at high redshift),

and gaining detailed information about high redshift GRBs. PRIME is already developed,

and performing regular observations of both its main science objective (microlensing events

caused by exoplanets in the Galactic Bulge), and high energy transient events. This effort

has already contributed to a few papers, and many GCN circulars detailing observations

of GRB counterparts, LVK localization regions, and X-ray transients detected by Einstein

Probe.

In preparing RIMAS to perform the above operations, RIMAS required thorough

testing, and numerous developments to its hardware. The initial detectors were working

well when characterized in Vicki Toy’s thesis work [53], but they had degraded by the time
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the Grisms arrived. This led to the need to integrate two different sets of replacement

detectors. After this effort, the initial readout electronics became obsolete, and required

replacement to avoid future issues. Upgrades were also made to make more apertures and

gratings available. The cryogenic mechanisms required to focus the detectors and change

apertures/filters/gratings required many rounds of development and testing to work consis-

tently. Spectral mode testing confirmed that the spectrographs were working as expected,

but they also revealed underlying issues with RIMAS’s vacuum window. A large upgrade

to RIMAS’s cryogenic systems also made by replacing the original Gifford-McMahon cry-

ocooler with much more compact and robust Sterling cryocoolers. Finally, most of the

housekeeping electronics (communications, thermometry, vacuum gauges, humidity sen-

sors, and power distribution) were upgraded to make the instrument more robust.

RIMAS also requires multiple types of data reduction software, which were developed

over the course of this thesis work. Basic SUTR reduction software was made to reduce

the many frames acquired non-destructively up the ramp during an exposure into a single

image. Some future effort is required to remove fixed pattern and correlated noise along

with cosmic rays from these final images, but the framework for this is already developed.

The photometry data reduction software was already developed by Vicky Toy [53], but a

lot of effort was made (with help from Ethan Zack, and undergraduate physics student

at University of Maryland) to make the software more robust, easier to install, and the

algorithms more effective. These upgrades have caused this software to already be widely

used for optical observations with LMI, an optical imager on the same telescope RIMAS will

be installed. The cross-dispersed spectral data reduction software was adapted from another

spectrograph, IGRINS. This required robust calibration of RIMAS’s spectra, and further
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changes to the software’s algorithms. Thorough testing of this pipeline was performed

with simulated data of multiple source types, lab acquired data, and on-sky data from the

DeVeny spectrograph. This testing helped confirm that the pipeline was ready for RIMAS

data, and led to the discovery that a different telluric correction algorithm was required for

RIMAS’s resolving power.

PRIME telescope is designed specifically to perform a time domain survey of the

Galactic Bulge searching for microlensing events caused by exoplanets. However, as a NIR

telescope available for ToO observations in the southern hemisphere with a wide field of view

and seeing limited plate scale, PRIME is a useful tool for observing high energy transients.

The wide field of view is particularly useful when observing the large localization regions

from Fermi GBM, and LVK. Due to the efforts described in this thesis, PRIME has been

commissioned, and is already working towards these efforts. Uniquely, PRIME camera is

the first astronomical instrument to use RST package H4RG-10 detectors and corresponding

ASICs on-sky. This thesis describes the development of software to run these detectors,

integration of the detectors into PRIME camera, and characterization of these detectors.

It also covers a fair amount of the systems development required to supply power, and

communicate with each of PRIME camera’s subsystems. With PRIME’s commissioning

complete, observations have begun, and a number of high energy transients have been

investigated. To facilitate this, custom software has been developed to aid with observation

planning, and to quickly reduce data so that it can be shared with the community via GCN

Circulars.

168



5.2 Future Work

5.2.1 RIMAS

The initial plans for RIMAS are straightforward: install RIMAS on LDT, obtain

and analyze commissioning data, and start regular observations of GRB counterparts.

RIMAS has already been accepted by Lowell pending some small adjustments (most of

which have already been made), and will ship in the next few months. Once RIMAS

is commissioned, it will be important to fully characterize its performance, so that its

capabilities can be confirmed. After this, RIMAS should be used to observe as many

GRBs as possible at the outset both to improve the chances of an interesting discovery,

and to learn the idiosyncrasies involved in operating the new instrument. Based on lessons

learned from performing rapid follow-up observations with LDT’s optical instruments, these

ToO observations are much faster if the classically scheduled observer is already using the

required instrument (e.g. the instrument is already calibrated and in focus). To facilitate

this and maximize the scientific output from RIMAS, it will be important to host workshops

on RIMAS’s operation and data reduction.

Beyond the initial stages, efforts are needed to prepare RIMAS for GW follow-up

observations. During this thesis work, GW follow-up observations were performed with

LDT’s DeVeny spectrograph, and were aimed at classifying counterpart candidates. These

observations highlighted the need to automatically reduce the data acquired of these candi-

dates, and the need for tools to help classify the objects. To this end, a selection of template

comparison, red-shifted element detection, and machine learning tools will be needed to
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aid in the search for a compact merger’s counterpart.

RIMAS also has a few hardware upgrades planned: a slit-viewing camera detec-

tor, and the Maryland OH Suppression IFU System (MOHSIS)1. A slit-viewing camera

to ensure accurate pointing during spectroscopy was always in RIMAS’s design, but the

cryocooler upgrade prevents the effective use of the InSb detector selected for this purpose.

A reasonable candidate for replacing this detector has been identified, an InGaAs detector

that has been used in cryogenic conditions for other astronomical applications, and testing

will be required in the lab to ensure that it can be integrated with RIMAS. MOHSIS is

a fiber Bragg grating aimed at suppressing OH emission lines from the atmosphere. The

H-band grating is already available, the project is funded, and the optics to integrate it

are in development. A J-band grating is also planned, but this is still a work in progress.

Installing MOHSIS on RIMAS would reduce the sky brightness present in the NIR, and

allow for deeper measurements with RIMAS’s spectrographs.

5.2.2 PRIME

As discussed above, PRIME is already in use and beginning to achieve its science

goals. However, a lot of software is still needed to allow it to reach its full potential for

transient detection. A good case study of this can be found in the follow-up efforts of

the potential neutron star-black hole merger, LVK S240422ed. Fortunately, preparations

were already made to plan tiling of the LVK localization region, and multiple epochs to a

depth of ∼21 mag AB were observed in J-band covering a large portion of the probability

region. However, due to lack of automation of the photometry pipeline, the lack of image

1https://www.astro.umd.edu/~veilleux/astrophotonics/MOHSIS_overview.html
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subtraction software, and the lack transient detection software, PRIME was not ready to

discover counterpart candidates. Efforts to create this software are already underway, but

they still require a lot of development and testing. To facilitate testing and discover novel

transients, a time domain survey is being planned to cover ∼ 500 deg2 in multiple bands

at a cadence of a few days. This will help by providing a solid dataset that software can

be developed around to process observations in real time, compare with previous epochs,

and detect transients. Once this survey can be studied effectively, this process can be used

on all PRIME observations.
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Appendix A: Gamma Ray Burst and Gravitational Wave Follow Up with

the Lowell Discovery Telescope

Although in-depth studies of GRBs and GWs were not performed during this thesis

work, many contributions to this science were made via observations, data reduction, and

reporting results. While waiting for RIMAS’s last few components to arrive, photometric

and spectroscopic observations of transients were acquired using LDT’s optical instruments.

A.1 Instruments

As discussed in Chapter 2, LDT’s design allows for up to five instruments to be

mounted to the telescope, and available for use within minutes. This instrument suite

consists of the Large Monolithic Imager (LMI), the DeVeny Spectrograph, the Extreme

PREcision Spectrometer (EXPRESS), the Near-Infrared High Throughput Spectrograph

(NIHTS), and will include RIMAS within the next few months. GRB and GW follow-up

observations were performed using LMI and the DeVeny spectrograph. LMI is a large

format imager with a 12.3′x12.3′ FOV, 0.12′′/pixel, and holds 17 filters with wavelengths

ranging from 0.3 to 1.0 µm.[77, 189] DeVeny is a moderate resolution spectrograph with

resolving power, R, between 500 and 4000 depending on which grating is selected from

the available 10.[77] The spectrograph covers wavelengths between 0.3 and 1.0 µm, and
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has a motorized tilt angle stage for the grating that allows for selection of the central

wavelength.[77]

A.2 GRB Follow-Up Efforts

As discussed in §1.1.2 and §1.1.4, multi-wavelength observations are key to under-

standing GRBs. This is enabled through timely reporting of bursts and their coordinates

via GCN notices and circulars. The community then reports their low-level findings about

results from follow-up observations, categorization of candidates, etc. via additional GCN

circulars. Quick reporting of follow-up observations helps other observers plan their own

observations as they can communicate better localization, whether the target brightness is

suitable to their instrumentation, and if the particular target has interesting characteristics

worthy of further study.

A.2.1 GRB observations

While preparing RIMAS and PRIME to be on sky for GRB/GW observations in the

NIR, photometric and spectroscopic observations were already being acquired in the optical

with LMI and DeVeny respectively. These observations have included both rapid follow-up

of transient events via ToO triggers, and classically scheduled observations to observe host

galaxies. The GCN circulars resulting from these rapid follow-up observations are detailed

in Table A.1. Beyond the basic reporting in these GCN circulars, these observations along

with the data reduction pipeline discussed in §3.4 aided in a number of studies. These

studies include: studying the circumgalactic medium of high redshift galaxies using long
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GRB Publications
GRB 190106A GCN 23744 [193]
GRB 190627A GCN 24986 [194]
GRB 200729A GCN 28270 [195]
GRB 200826A GCN 28312 [196]
GRB 201006A GCN 28572 [197]
GRB 201014A GCN 28654 [198]
GRB 201214B GCN 29054 [199]
GRB 201221D GCN 29128 [200]
GRB 210504A GCN 29946 [201]
ZTF21aayokph GCN 29952 [202]
GRB 210704A GCN 30451 [203]
GRB 210919A GCN 30860 [204]
GRB 221009A GCN 32739 [205], GCN 32799 [206]
GRB 221120A GCN 32957 [207]
GRB 230204B GCN 33333 [208]
GRB 230205A GCN 33334 [209]
GRB 231117A GCN 35099 [210], GCN 35139 [211]

Table A.1: LDT GRB Follow-Up

GRBs as line-of-sight probes [190, 191], the search for a supernova associated with GRB

221009a [150], the determination that GRB 221009a was powered by a structured jet [47],

and a host galaxy study of short GRBs [192].

A.3 GW Follow-Up Efforts

Multi-messenger observations are of great interest as they give multiple insights into

the fundamental physics occurring in extreme scenarios. The most obvious candidate for

these observations are for binary mergers that involve a neutron star, as these are observable

by LIGO, Virgo and Kagra (LVK), EM observatories, and should emit neutrinos as well.

LIGO detected the first GW shortly after powering on in 2015, GW150914.[212] Later, the

first binary neutron star merger was observed by LIGO, GW170817[45], and in multiple

wavelengths by a number of other instruments, GRB 170817A.[20] Since then, Kamioka
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Gravitational Wave Detector (KAGRA) has come online. With localizations generated with

measurements from LIGO, Virgo, and KAGRA GW observatories, much better localization

of GW events is now possible. These events are reported to GraceDB1, and via GCN

notices and circulars. This information is then evaluated by a number of programs, who

have various ways of determining follow-up activities. For example, the Zwicky Transient

Facility (ZTF) images 3750 deg2/hr to a depth of 20.5 mag [213] to search for any optical

transients within the probability region.

A.3.1 LDT GW observations

During earlier LIGO observation runs, the community would attempt to observe any

significant potential GW events reported via GraceDB. However, this approach with LDT

became unsustainable with the increased sensitivity of LIGO/Virgo during observing run

O3. Instead, our collaboration would perform observations of any potential GW detection

containing a neutron star, or a mass-gap object. These observations took two forms:

an imaging galaxy search, and spectroscopic observations of potential counterparts. The

imaging searches were performed using LMI, and involved observing a list of galaxies within

the LIGO/Virgo localization region with similar redshift to that of the detected event.

Spectroscopic measurements were acquired using DeVeny’s R≈1000 grating to determine

the nature of candidates identified by other programs including ZTF. The results of these

searches are reported in the publications detailed in Table A.2.

1https://gracedb.ligo.org/
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Signal Publications
GW190425 GCN 24220 [214]
GW190814 GCN 25374 [215], GCN 25397 [216], MNRAS [217]

Table A.2: LDT GW Follow-Up
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Appendix B: RIMAS Lab Data

A large amount of lab data was acquired to fully characterize RIMAS. A portion

of these test results are provided in this appendix to give a more complete summary of

RIMAS’s performance.

B.1 Various Lab Spectra

B.1.1 Echelle Spectra

This section contains example spectra from RIMAS’s echelle spectrograph in addition

to the other spectra shown throughout this work. Spectra were acquired and combined

using the same manner discussed in §2.4.2.1.

B.1.1.1 Reduced Echelle Lamp Spectra

This section contains echelle spectra taken using 80 µm slit, and reduced using the

methods described in §3.3.2. These spectra are all wavelength calibrated, but not flux

calibrated due to the lack of a flux calibrated standard.
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Figure B.1: Spectrum of a mercury argon low-pressure gas discharge lamp taken with
RIMAS’s echelle spectrograph. (a) The spectrum as it is read from the detector array. (b)
The spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c)
The reduced spectrum zoomed in to show the emission line features. As can be seen here,
the emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.3: Spectrum of an argon low-pressure gas discharge lamp taken with RIMAS’s
echelle spectrograph. (a) The spectrum as it is read from the detector array. (b) The
spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c) The
reduced spectrum zoomed in to show the emission line features. As can be seen here, the
emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.5: Spectrum of a krypton low-pressure gas discharge lamp taken with RIMAS’s
echelle spectrograph. (a) The spectrum as it is read from the detector array. (b) The
spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c) The
reduced spectrum zoomed in to show the emission line features. As can be seen here, the
emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.7: Spectrum of a xenon low-pressure gas discharge lamp taken with RIMAS’s
echelle spectrograph. (a) The spectrum as it is read from the detector array. (b) The
spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c) The
reduced spectrum zoomed in to show the emission line features. As can be seen here, the
emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.9: Spectrum of a mercury argon low-pressure gas discharge lamp taken with
RIMAS’s echelle spectrograph. (a) The spectrum as it is read from the detector array. (b)
The spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c)
The reduced spectrum zoomed in to show the emission line features. As can be seen here,
the emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.11: Spectrum of an argon low-pressure gas discharge lamp taken with RIMAS’s
echelle spectrograph. (a) The spectrum as it is read from the detector array. (b) The
spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c) The
reduced spectrum zoomed in to show the emission line features. As can be seen here, the
emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.13: Spectrum of a krypton low-pressure gas discharge lamp taken with RIMAS’s
echelle spectrograph. (a) The spectrum as it is read from the detector array. (b) The
spectrum as reduced, and wavelength calibrated. No flux calibration was applied. (c) The
reduced spectrum zoomed in to show the emission line features. As can be seen here, the
emission lines from separate orders overlap when they are the same emission line. This
shows that the spectral calibration is of good quality, and valid throughout the various
spectral orders.
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Figure B.15: Spectrum of a xenon low-pressure gas discharge lamp taken with RIMAS’s
echelle spectrograph. It is worth noting here that the xenon lamp had degraded, creating
a thermal continuum background that can be seen here in addition to the emission lines.
(a) The spectrum as it is read from the detector array. (b) The spectrum as reduced,
and wavelength calibrated. No flux calibration was applied. (c) The reduced spectrum
zoomed in to show the emission line features. As can be seen here, the emission lines from
separate orders overlap when they are the same emission line. This shows that the spectral
calibration is of good quality, and valid throughout the various spectral orders.
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Figure B.17: Cross Dispersed Spectra taken with 80 µm slit
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Figure B.18: Cross Dispersed Spectra taken with 130 µm slit
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Figure B.19: Cross Dispersed Spectra taken with 250 µm slit
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B.1.1.2 Additional Echelle Lamp Spectra

B.1.2 Low Resolution VPH Spectra

B.1.2.1 R≈30 Spectra

This section contains example spectra from RIMAS’s lowest resolution spectrograph

in addition to the other spectra shown throughout this work. Spectra were acquired and

combined using the same manner discussed in §2.4.2.1.

B.1.2.2 R≈300 Spectra

This section contains example spectra from RIMAS’s medium-low resolution spectro-

graph in addition to the other spectra shown throughout this work. Spectra were acquired

and combined using the same manner discussed in §2.4.2.1.
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Figure B.20: R≈30 VPH Spectra taken with 80 µm slit

198



Figure B.21: R≈30 VPH Spectra taken with 130 µm slit
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Figure B.22: R≈30 VPH Spectra taken with 250 µm slit
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Figure B.23: R≈30 VPH Spectra taken with long slit
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Figure B.24: R≈300 VPH Spectra taken with 80 µm slit
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Figure B.25: R≈300 VPH Spectra taken with 130 µm slit
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Figure B.26: R≈300 VPH Spectra taken with 250 µm slit
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Figure B.27: R≈300 VPH Spectra taken with long slit
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[35] P. Mészáros. Gamma-Ray Bursts: theoretical issues and developments.
Mem. Soc. Astron. Italiana, 90:57, January 2019. doi: 10.48550/arXiv.1904.10488.

[36] T. Piran. Gamma-ray bursts and the fireball model. Phys. Rep., 314(6):575–667,
June 1999. doi: 10.1016/S0370-1573(98)00127-6.

[37] M. J. Rees and P. Meszaros. Relativistic fireballs - Energy conversion and time-scales.
MNRAS, 258:41, September 1992. doi: 10.1093/mnras/258.1.41P.

[38] P. Meszaros and M. J. Rees. Relativistic Fireballs and Their Impact on External
Matter: Models for Cosmological Gamma-Ray Bursts. ApJ, 405:278, March 1993.
doi: 10.1086/172360.

[39] M. J. Rees and P. Meszaros. Unsteady Outflow Models for Cosmological Gamma-Ray
Bursts. ApJ, 430:L93, August 1994. doi: 10.1086/187446.

[40] S. E. Woosley. Gamma-Ray Bursts from Stellar Mass Accretion Disks around Black
Holes. ApJ, 405:273, March 1993. doi: 10.1086/172359.

[41] A. I. MacFadyen and S. E. Woosley. Collapsars: Gamma-Ray Bursts and Explosions
in “Failed Supernovae”. ApJ, 524(1):262–289, October 1999. doi: 10.1086/307790.

[42] Bruno Giacomazzo, Rosalba Perna, Luciano Rezzolla, et al. Compact Binary
Progenitors of Short Gamma-Ray Bursts. ApJ, 762(2):L18, January 2013. doi:
10.1088/2041-8205/762/2/L18.

[43] V. V. Usov. Millisecond pulsars with extremely strong magnetic fields as a cos-
mological source of γ-ray bursts. Nature, 357(6378):472–474, June 1992. doi:
10.1038/357472a0.

[44] N. R. Tanvir, A. J. Levan, A. S. Fruchter, et al. A ‘kilonova’ associated with the
short-duration γ-ray burst GRB 130603B. Nature, 500(7464):547–549, August 2013.
doi: 10.1038/nature12505.

[45] B. P. Abbott, R. Abbott, T. D. Abbott, et al. Multi-messenger Observations of a Bi-
nary Neutron Star Merger. ApJ, 848(2):L12, October 2017. doi: 10.3847/2041-8213/
aa91c9.

[46] Yu-Han Yang, Eleonora Troja, Brendan O’Connor, et al. A lanthanide-rich kilonova
in the aftermath of a long gamma-ray burst. Nature, 626(8000):742–745, February
2024. doi: 10.1038/s41586-023-06979-5.

[47] Brendan O’Connor, Eleonora Troja, Geoffrey Ryan, et al. A structured jet explains
the extreme GRB 221009A. Science Advances, 9(23):eadi1405, June 2023. doi: 10.
1126/sciadv.adi1405.

[48] R. Sari and T. Piran. The early afterglow. A&AS, 138:537–538, September 1999.
doi: 10.1051/aas:1999342.

209



[49] E. Molinari, S. D. Vergani, D. Malesani, et al. REM observations of GRB 060418
and GRB 060607A: the onset of the afterglow and the initial fireball Lorentz factor
determination. A&A, 469(1):L13–L16, July 2007. doi: 10.1051/0004-6361:20077388.

[50] En-Wei Liang, Shuang-Xi Yi, Jin Zhang, et al. Constraining Gamma-ray Burst Initial
Lorentz Factor with the Afterglow Onset Feature and Discovery of a Tight Γ0-E γ,iso

Correlation. ApJ, 725(2):2209–2224, December 2010. doi: 10.1088/0004-637X/725/
2/2209.
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