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Abstract

The next generation of far-infrared space observatories will feature large (2 m to 3 m class),
actively cooled (4.5 K) telescopes and high resolution spectroscopic capabilities provided
by a Fourier-transform spectrometer (FTS). In the absence of telescope self-emission and
with access to ultra-sensitive detectors, the multiplex advantage of an FTS becomes a dis-
advantage if instantaneous broad spectral measurements are attempted as the photon noise
associated with the astronomical source now determines the spectral noise density. The
only way to reduce the photon noise is by reducing the instantaneous spectral bandwidth
observed by a single detector, typically to a fraction of one percent, using some form of
post-dispersing element. While there are many approaches to post-dispersion, it is widely
regarded that reflection diffraction gratings are the preferred method. The efficiency of
a diffraction grating varies with wavelength. At the high angles of incidence required
to achieve the necessary resolving power of R ~ 100, reflection diffraction gratings op-
erate with high and uniform efficiency (~ 80 %) for transverse magnetic (TM) polarized
light, but lower and variable efficiency (10 % to 40 %) for transverse electric (TE) polarized
light. The polarizing encoding properties of a Martin-Puplett interferometer can exploit this
strong polarization dependence by ensuring that the interferometer output presents the TM
mode to the grating. The hybrid post-dispersed polarizing Fourier transform spectrometer
(PDPFTS) concept is the leading candidate for a future far-infrared astronomy mission. A
fully cryogenic far-infrared PDPFTS has been developed in our laboratory to gain a bet-
ter understanding of the challenges presented by this novel hybrid instrument. The results
obtained from this PDPFTS will be valuable in guiding the development of such hybrid

spectrometers being proposed for future far-infrared space observatories.
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Chapter 1

Introduction

”I can’t lie to you about your chances,
but... you have my sympathies.”

Ash

Alien

The instrument concept that is widely considered by the European Space Agency (ESA),
the Japan Aerospace Exploration Agency (JAXA), and the National Aeronautics and Space
Administration (NASA) to be the leading candidate for a future far-infrared space astron-
omy mission is a post-dispersed polarizing Fourier transform spectrometer (PDPFTS). The
science case and motivation for why the PDPFTS is the future of far-infrared astronomy
is covered in this chapter. The Astronomical Instrumentation Group (AIG) at the Univer-
sity of Lethbridge, and their industrial partners, have been leading the development of the
PDPFTS to show its operation under the critical parameters for a far-infrared space tele-
scope, namely a high vacuum and cryogenic temperature (4 K) environment. A complete
end-to-end laboratory demonstration of the PDPFTS is a stepping stone on the path-to-flight
for this hybrid spectrometer. This thesis covers the development of the Large Facility Cryo-
stat (LFC), a large volume 4 K cryogenic test facility, and the integration of a far-infrared

PDPFTS in said cryostat to obtain first light results from this instrument concept.

1.1 The PDPFTS Science Case

The earliest stages of star and planetary formation can only be observed at far-infrared

wavelengths. Terrestrial observations are limited due to the fact that the Earth’s atmosphere

1



1.1. THE PDPFTS SCIENCE CASE

is opaque to nearly all far-infrared radiation. Water vapour in the atmosphere is the principal
cause of absorption in the far-infrared [1], with only a few narrow atmospheric windows
transparent at these wavelengths. Figure 1.1 shows the atmospheric opacity of the Earth
across the electromagnetic spectrum. To avoid atmospheric extinction, ground-based ob-
servatories are located at high altitudes to get above the majority of the atmospheric water
vapour, such as the James Clerk Maxwell Telescope (JCMT) [2] and the Submillimeter
Array (SMA) [3] on Mauna Kea, Hawaii [4], the Atacama Large Millimeter/submillimeter
Array (ALMA) [5] and the Fred Young Submillimeter Telescope (FYST) [6] in the Atacama
Desert, Chile, and the South Pole Telescope (SPT) [7], Antartica. Even in such locations,
the residual absorption due to water vapour precludes astronomical observations in certain
wavelength regions. For unimpeded access, the ideal far-infrared observatory necessitates

the use of space-borne platforms.

100%
50% — W }

0% I I I 1 I
0.1nm 1nm 10nm 100 nm um 10pm 100pm 1mm cm 10 cm 1m 10m 100m 1

Atmospheric
Opacity

Wavelength

Most of the

Visible Light Long-wavelength
g observablge Infrared spectrum Radio Waves observable Radigo Waves g
Gamma Rays, X-Rays and Ultraviolet absorbed by from Earth
¥ from Earth, : Fom EArin. blocked.
Light blocked by the upper atmosphere ith atmospheric
(best observed from space). withsome  gasses (best
atmospheric observed
distortion. from space).

Figure 1.1: Atmospheric opacity of the Earth across the electromagnetic spectrum. While
there are a few transparent windows in the near- and mid-infrared wavelength bands, the
atmosphere is opaque to almost all far-infrared radiation. Image taken from [8].
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Figure 1.2: Herschel far-infrared spectra showcasing a broad continuum with many un-
resolved line features. Left: Spectrum of the protoplanetary nebula AFGL 2688. Right:
Spectrum of the post-red supergiant AFGL 4106 [9]

The roots of far-infrared space astronomy can be traced back to the Infrared Astro-
nomical Satellite (IRAS) [10] launched in 1983, the Infrared Space Observatory (ISO) [11]
launched by ESA in 1995, and the AKARI mission [12] launched by JAXA in 2006, leading
to the launch of the Herschel Space Observatory (Herschel) [13] by ESA in 2009. Herschel
is widely regarded as the most successful far-infrared astronomy mission to date. The Her-
schel instrument suite was able to observe obscured regions in our galaxy and measure the
emission of distant galaxies at high redshift. Herschel made fundamental contributions to
our understanding of the evolution of stars and galaxies over cosmic time scales.

Despite its success, the sensitivity of Herschel was limited by the fact that the telescope
was passively cooled, only reaching temperatures of around 85 K. The next generation of
far-infrared space observatories will feature large (2 m to 3 m class), actively cooled (4.5 K)
telescopes with high resolution spectroscopic capabilities provided by a Fourier-transform
spectrometer (FTS). During the decade and a half since the launch of Herschel, there has
been continued development and refinement of far-infrared detectors, with modern day mi-
crowave kinetic inductance detectors (MKIDs) achieving noise-equivalent powers (NEPs)
in the few 107 20W / v/Hz [14]. In the absence of telescope self-emission and with access to
ultra-sensitive detectors, the multiplex advantage of an FTS [15] becomes a disadvantage

if instantaneous broad spectral measurements are attempted as the photon noise associated

3



1.1. THE PDPFTS SCIENCE CASE

with the astronomical source now determines the spectral noise density. Examples of broad
spectral observations from Herschel that consist of a continuum and line features can be
seen in Figure 1.2 [9]. These spectra depict two different stars at distinct stages of their
life cycles: a protoplanetary nebula (AFGL 2688) and a post-red supergiant (AFGL 4106).
Far-infrared astronomical observations require broad spectral coverage with high spectral
resolution while employing state-of-the-art detectors.

With the new generation of ultra-sensitive detectors, a broad spectral observation using
an FTS as seen above in Figure 1.2 would reach the photon background limit where the
photon noise is greater than the detector noise. The photon noise arising from the quantized

nature of radiation, NEPpy,, can be expressed as [16]:

NEPp, =

4AQ(kpTy)> = mex? |4 _Me
c2h3 0o e—1

de, [W/VHz] (1.1)

ex —

where AQ [m?sr] is the étendue and T’ [K] is the temperature of the source being viewed.
€, the emissivity of the source, 1, the optical efficiency of the instrument, and x are dimen-
sionless. The dimensionless quantity x is equal to &v/kgT s, where v [Hz] is the frequency
of electromagnetic radiation and c, A, and kp are the physical constants; the speed of light,
the Planck constant, and the Boltzmann constant, respectively. The only meaningful way to
reduce the photon noise in this equation is to restrict the instantaneous spectral bandwidth

dv. Since x is a function of v, Equation (1.1) can be rewritten as:

NEPp,> =

5 oo 4
4AQ(kpT,)° [ Mex {Jr ne ] " v, (W/VEZ) (1.2)

c2h3 0o e—1 e —1|kgT,

The photon noise can be reduced by restricting dv. This is accomplished by coupling
some form of post-dispersion element to the output of the FTS. When observing far-infrared
astronomical sources, the instantaneous spectral bandwidth needs to be reduced to a fraction
of one percent. For this thesis, the FTS output beam is post-dispersed by a single diffraction

grating with a resolving power of R ~ 100.



1.1. THE PDPFTS SCIENCE CASE

The efficiency of a diffraction grating varies with wavelength. At the high angles of
incidence required to achieve R ~ 100, reflection diffraction gratings operate with high and
uniform efficiency (~ 80 %) for transverse magnetic (TM) polarized light, in the dispersion
direction from the grating, but lower and variable efficiency (10 % to 40 %) for transverse
electric (TE) polarized light, parallel to the grating grooves. The polarizing encoding prop-
erties of a Martin-Puplett interferometer [17] can exploit this strong polarization depen-
dence by ensuring that the interferometer output presents the TM mode to the grating.

The hybrid PDPFTS concept was adopted for the SpicA FAR-infrared Instrument (SA-
FARI) aboard the joint ESA and JAXA M5 mission candidate, the SPace Infrared telescope
for Cosmology and Astrophysics (SPICA) [18]. The SPICA mission was unfortunately
removed from consideration in late October 2020 [19]. On November 41 2021, the US
National Academies of Sciences, Engineering, and Medicine released the Decadal Survey
on Astronomy and Astrophysics for the 2020s [20]. The three broad science themes of this
survey were: Worlds and Suns in Context, New Messengers and New Physics, and Cosmic
Ecosystems. Specific science cases include the formation of planetary systems [21] and cos-
mological spectrophotometric surveys of black holes and star formation at the cosmic noon
[22]. A more diverse set of science objectives has been developed in support of the PRobe
far-Infrared Mission for Astrophysics (PRIMA) proposal [23]. A far-infrared probe class
mission would provide unique and critical contributions to all three of these science themes.
The survey concluded that due to this change in landscape from the cancellation of SPICA,
a properly scoped far-infrared probe to advance high-priority science is an extremely timely
and compelling opportunity. In light of this survey, a PDPFTS instrument has been adopted
for the PRIMA. PRIMA is a NASA Goddard Space Flight Center (GSFC)/Jet Propulsion
Laboratory (JPL)-led observatory [24, 25]. The PDPFTS will provide orders of magnitude
more sensitivity compared to previous far-infrared space observatories, while maintaining
the high resolution spectroscopic capabilities of an FTS. This instrument concept is widely

regarded as the next step in far-infrared space astronomy.



1.2. THESIS OUTLINE

1.2 Thesis Outline

This thesis opens with a discussion on the design, development, and verification of the
LFC. Since the Test Facility Cryostat (TFC) previously developed by Veenendaal [26] for
testing smaller far-infrared instrumentation could not accommodate the size of the PDPFTS
presented in this thesis, it was necessary to develop a larger volume 4 K cryogenic facility.
The following chapters cover the design, integration, and testing of the fully cryogenic far-
infrared PDPFTS. The first light results obtained from this instrument are analyzed and
presented. These results are broken into two chapters: a room temperature implementation
of the PDPFTS, and the fully cryogenic integration of the instrument into the LFC. The
final chapter provides a summary of the results obtained in this thesis and an outlook of
the PDPFTS concept being flown on a space observatory in the coming decade. The work

performed in this thesis is outlined as follows:

Chapter 1 presents the science case and motivation for the development of the PDPFTS

and outlines the work performed in this thesis.

Chapter 2 covers the development, assembly, and testing of the LFC. This cryogenic test
facility was purpose-built for the development of far-infrared astronomical instru-

mentation within the AIG at the University of Lethbridge.

Chapter 3 provides the design of the fully cryogenic far-infrared PDPFTS. The four mod-
ules that make up the instrument are covered: the source module, the FT'S module,

the diffraction grating module, and the detector module.

Chapter 4 presents the room temperature implementation of the PDPFTS. Preliminary
results were obtained at room temperature while the construction of the LFC was

underway.

Chapter 5 covers the integration of the PDPFTS into the LFC and presents the first light

results obtained from the first ever fully cryogenic PDPFTS.
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Chapter 6 concludes with a summary of the results obtained in this thesis. This project
makes a significant contribution to the ongoing development of modern astronomical
instrumentation. Furthermore, with the PRIMA mission adopting a PDPFTS and
currently being under review by NASA, there is a potential path-to-flight for this

instrument concept.

1.3 A Note Regarding Author’s Contributions

The PDPFTS covered in this thesis is a complex hybrid spectrometer with many individual
components being integrated. This thesis builds upon the work of others and represents the
culmination of efforts spanning multiple decades. Throughout this thesis, I will present my
contributions to this project while also acknowledging and calling attention to the many

contributions of others.

1.4 A Note Regarding Units

Industry in North America has a large crossover between using the Systéme International
(SI) d’unités and the Imperial Measurement System. In this thesis, Imperial units are pre-
sented with their SI conversion only when the natural units or designed units are in Imperial;
SI units are used otherwise. The natural units used in astronomy vary greatly depending
on what band of electromagnetic radiation you are observing, and what type of instrument
is used in the observation. This thesis involves two different spectrometers, a reflection
diffraction grating that operates in units of angle [°] and wavelength [um] and an FTS that
operates in reciprocal space with units of wavenumber [cm~!]. Throughout this thesis, I
will adopt the natural spectral unit most appropriate to the module being discussed, provid-

ing a conversion to wavenumber where applicable.



Chapter 2

The Large Facility Cryostat

”I am putting myself to the fullest possible
use, which is all I think that any conscious
entity can ever hope to do.”

HAL 9000
2001: A Space Odyssey

The design of the Large Facility Cryostat (LFC) builds upon the work of Veenendaal [26]
and the Test Facility Cryostat (TFC). The LFC features a 650 mm x 650 mm x 250 mm 4 K
volume. If a future experiment requires additional space, the height of this volume can be
expanded from 250 mm to 400 mm. The overall increase in volume when compared with
the TFC allows larger and more complex far-infrared space telescope instrumentation to be
fully integrated and tested at cryogenic temperatures. Beyond volume, attention has been
paid to the usability and ease of operating the LFC which influenced aspects of the me-
chanical design. I will outline my involvement in the design process of the LFC covering
the mechanical and thermal analysis, construction and assembly, and verifying the perfor-
mance of the cryostat. The manufacturing part drawings for the LFC which I created or

made contributions to can be found in Appendix A.

2.1 LFC Design

The term cryostat originates from the Greek words kryos meaning cold, and stat, meaning
stable. The design of a cryostat revolves around maintaining a stable operating cryogenic
temperature through the management of heat transfer. Heat transfer concerns the rate at

which energy can move from one thermodynamic system to another as a result of a tem-
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2.1. LFC DESIGN

perature gradient. This energy transfer can arise from three basic mechanisms: conduction,
convection, and radiation. Minimizing heat transfer between the outer structure, maintained
at room temperature, to the internal cold structure of the cryostat whose coldest parts are
at 0.3 K is critical. Each of these heat transfer modes introduces specific design challenges
that must be addressed. There is an art to the science of cryogenics as the properties that
define these heat transfer modes are difficult to characterize explicitly over the temperature
ranges a cryostat is operated over, requiring empirical data and many rules of thumb. I
direct the reader towards a book by Ekin [27] as a valuable resource for cryostat design.

Since cryostats are typically designed to be operated under vacuum, convection can be
ignored leaving only the conductive and radiative heat transfer modes to be considered.
The outer vacuum chamber (OVC) of the cryostat must be designed to withstand the 1 atm
pressure differential.

To reduce heat transfer from thermal radiation into the interior cold structure of a cryo-
stat, concentric layers of radiation shields are used. These shields are typically made of
materials with low emissivity and therefore high reflectivity. Low emissivity leads the
outer warmer shield to emit less radiation while allowing the colder inner shield to reflect
incoming radiation instead of absorbing it. Emissivity is a wavelength dependent material
property influenced by both the material used and its surface finish. A well polished surface
will have a lower emissivity than a coarse rough surface. The emissivity value of polished
metallic surfaces will have values approaching zero, while a fully oxidized and coarse sur-
face can have an emissivity that approaches one [27]. To prevent oxidation, any copper
shields must be gold plated while polished aluminum, despite its lower thermal conduc-
tivity, can be used as is. In practice, this dictates the use of copper surrounding the inner
4 K working volume. These shields are thermally anchored at intermediate cold stages to
efficiently dissipate any absorbed radiation.

The cold structures of a cryostat are typically made using highly conductive materials

with low heat capacities. Between room temperature and temperatures approaching abso-
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lute zero, thermal properties of materials tend to be temperature dependent and non linear,
requiring numerical integration using experimentally determined values over the desired
temperature gradient. The type of material and purity have a significant impact on the ther-
mal conductivity. For nonconductive materials, reducing temperature causes a decrease in
thermal conductivity as this reduces phonon vibrations that act as carriers of heat within a
material. However, with highly conductive metals, heat transfer is dominated by the free
movement of conduction electrons in the crystalline lattice of the material. As temperature
decreases, there is an increase in thermal conductivity as electron scattering with phonons is
reduced. As the temperature is decreased further past liquid nitrogen temperatures (77 K),
the scattering mechanism between the conduction electrons and impurities in the material
becomes the dominant factor and the thermal conductivity decreases [27]. The thermal
conductivity behaviour of pure metallic materials at cryogenic temperatures lends itself to
using high purity copper and aluminum to make up the cold structure of a cryostat. For
the choice of high purity copper, electrolytic tough pitch (ETP) copper (99.9 % pure) and
oxygen free high conductivity (OFHC) copper (99.99 % pure) perform nearly identically.
ETP copper is the economical choice as OFHC is more expensive, harder to acquire, and
more difficult to machine. Increasing the purity of copper to 99.999 % improves the thermal
conductivity by a factor of 20 at liquid helium temperatures (4 K) compared to both ETP
and OFHC copper [27]. The low temperature performance of higher purity coppers must
be weighed against the increase in cost and reduced availability.

Careful consideration must be given not only to the thermal conductivity through the
cold structure of a cryostat but also to thermal contact conduction when joining these struc-
tures. The heat transfer through bolted joints is highly dependent on the surface properties
on either side of the joint and the clamping pressure of the bolt.

The different cold stages of a cryostat need to be supported, but thermally isolated from
each other. The supports that separate the cold structures from room temperature are made

from insulating materials with low thermal conductivity, such as carbon fiber reinforced
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polymer (CFRP), glass fiber reinforced polymer (GFRP), or stainless steel tubing. These
materials offer both high tensile strength and low thermal conductivity, making them well
suited for insulating the cold stages of a cryostat. By effectively managing parasitic con-
ductive and radiative heat transfer, cryogenic test facilities can achieve and maintain low
operating temperatures.

Historically, cryostats have been designed around the latent heat of evaporation where
cooling power was generated by a liquid cryogen, such as nitrogen or helium, evaporating.
This approach has become increasingly expensive with the rising cost of liquid helium,
and it comes with heightened risks of cold-related hazards and asphyxiation. Modern cry-
ocoolers have emerged as closed-cycle systems designed to address these challenges. This
emergence of closed-cycle cryocoolers not only eliminates the need for a costly and finite
supply of liquid cryogens, but also significantly reduces the associated safety risks [27].

The design process for the LFC started with an analysis of the TFC [26]. Following this
analysis, a list of what worked well and areas for improvement was compiled to guide the
design direction for the LFC. The key difference between the two cryostats was an increase
in the 4 K working volume. The original specifications for the LFC were based on develop-
ing a prototype of the SAFARI instrument for the SPace Infrared telescope for Cosmology
and Astrophysics (SPICA) mission [29, 18]. A computer-aided design (CAD) rendering
showcasing the proposed 4 K working volume of the LFC can be seen in Figure 2.1. This
rendering presents the initial conceptual layout of the prototype SAFARI instrument. The
corresponding initial design specifications for the LFC are detailed in Table 2.1.

The as-designed working volume of the LFC is 650 mm x 650 mm x 250 mm. The
originally conceived layout of the SAFARI instrument required a height of 400 mm but as
the project evolved, we were able to better integrate the prototype post-dispersed polarizing
Fourier transform spectrometer (PDPFTS) instrument concept covered in this thesis in a
volume with a height of 250 mm. With some modification, the height of the 4 K volume

can be extended to match the originally proposed specification.
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Figure 2.1: The originally proposed LFC 4 K working volume containing a conceptual lay-
out of the prototype SpicA FAR-infrared Instrument (SAFARI) instrument. The SAFARI
mechanism space envelope is shown in orange, with the ABB scanning mechanism occu-
pying most of this space. The post-dispersion grating mechanism is shown in blue, coupled
to the 0.3 K refrigerator and bolometer system in grey. The Fourier-transform spectrometer
(FTS) includes polarizers from QMC Instruments shown in red. The blackbody continuum
and photomixer line source modules are shown in magenta. Image taken from [28].

Table 2.1: Proposed LFC specifications [28].

Specification Requirement

Mass Not applicable.

Volume Must fit either assembled or disassembled through the facility
doors.

4 K Volume 650 mm x 650 mm x 400 mm (L x W x H), approximate.

Material Stainless steel chamber, CFRP internal support structure, gold
plated copper cold surfaces.

Shielding MLI covered aluminum panels for 45K shielding, gold plated
copper panels for 4 K shielding.

Viewports To be determined.

Electrical ports To be determined.

Cryocooler Compatible with Cryomech PT415 pulse tube cryocoolers

(PTCs), with ability to operate with one or two installed coolers.
Cold cycling time 24 h.
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Figure 2.2: CAD rendering showing an overview of the LFC. Two Cryomech PT415 PTCs
provide cooling capacity while CFRP struts and concentric layers of radiation shielding
reduce parasitic heat transfer. Top Left: Fully open. Top Right: 4 K radiation shielding.
Bottom Left: 45 K radiation shielding. Bottom Right: OVC.
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The LFC design draws significant inspiration from the TFC [26]. The LFC retains a
rectangular shape and consists of a 45 K intermediate stage, a large 4 K working volume,
and a small 0.3 K sub-volume. In order to improve the overall structural rigidity and func-
tionality, several key modifications were implemented. These included a redesign of the
external frame, the incorporation of CFRP tubes to form a triangular space frame like sup-
port structure, and the adoption of a torsion box design for the 4 K cold plates. Figure 2.2
shows a CAD overview of the LFC, with its various layers of radiation shielding and outer
vacuum chamber removed to show the concentric layers and the internal framework. The

following subsections cover the design work for the LFC.

2.1.1 External Frame

The external framework of the LFC draws inspiration from the design of container cranes
and gantry cranes. It consists of a robust welded steel frame with two telescoping legs
connected by an aluminum top plate to create a portal frame. Suspended from this top plate
are the cold structures of the cryostat and the vacuum chamber sections. This configuration
allows for the efficient operation of the LFC. When in its lowered position, the cryostat
height is short enough to allow it to be wheeled around on four levelling plate castors
through the facility doors within the Astronomical Instrumentation Group (AIG) at the
University of Lethbridge. Once in its desired position, the levelling pads on each caster are
extended to provide a stable platform for the cryostat and prevent inadvertent movement.
To access the internal structure of the LFC, the telescopic frame is raised to create an open
space beneath the cryostat. The vacuum chamber sections are subsequently lowered onto a
lift cart and removed from the open side of the portal frame, allowing easy access to the cold
structure of the cryostat and facilitating the installation and modification of experiments.
Figure 2.3 shows the external frame of the cryostat in the lowered and raised positions.
While I contributed to the initial conceptualization and early iterations of the telescopic

frame, Ben Louwerse refined the design into its final form.
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Figure 2.3: CAD rendering showing the external frame of the LFC in the lowered and
raised position with an average size human figure for reference. Left: Frame lowered.
Right: Frame raised with a vacuum chamber section lowered onto a blue lift cart.

2.1.2 Vacuum Chamber

The design of the LFC was strongly guided by the lessons learned from the TFC [26].
This led to the use of stainless steel for the main vacuum chamber sections and aluminum
for the top plate. This choice was driven by practical considerations: stainless steel is
easier to weld, while aluminum is more suitable for machining. This decision had cost-
saving implications, especially since the top plate required intricate passthroughs for the
vacuum manifold, PTCs, and various electrical and optical fiber connections. To increase
the future usability of the cryostat, four viewports were incorporated into the lower vacuum
chamber section to allow light from external instrumentation to be passed through to the
4K volume. These viewports were blanked off and not used for any of the measurements
made in this thesis to eliminate all sources of stray light. While the primary goal of the LFC
is to integrate entire far-infrared instrument concepts at 4 K without windows looking out
to the room temperature lab, the inclusion of these four viewports was considered a prudent

investment, resulting in a small overall increase in cost in anticipation of future use cases.
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Figure 2.4: FEA model showing the equivalent von-Mises stress on the LFC vacuum cham-
ber walls resulting from a 1 atm pressure differential.
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Figure 2.5: FEA model showing the deformation of the LFC vacuum chamber walls result-
ing from a 1 atm pressure differential.
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Figure 2.6: FEA models comparing the deformation of the LFC vacuum chamber top plate
before and after the addition of an aluminum stiffening bar.

Several iterations of the chamber were analyzed using Ansys Mechanical™ finite el-
ement analysis (FEA) software to determine the optimal chamber wall and flange thick-
nesses. This balanced the increased cost of manufacturing against the reduction of stress
and deformation of the chamber as increasing the thickness of the chamber walls offers
increased stiffness, thereby lowering stress and deformation while raising the material cost.
Ultimately, the upper and lower vacuum chamber sections were manufactured from 304
stainless steel. The chamber features side walls that are 1/2in (12.7 mm) thick, a bottom
plate measuring 5/8in (15.9 mm) , and 1in (25.4 mm) flanges. The top plate of the vac-
uum chamber was manufactured from 11in (25.4 mm) thick 6061 aluminum. Figure 2.4
shows the equivalent von-Mises stress while Figure 2.5 shows the plastic deformation that
is expected to occur when a 1 atm pressure differential is applied to the vacuum chamber.
The maximum stress that occurs is 73 MPa, which is well below the 215 MPa tensile yield
strength of stainless steel [30]. As 6061 aluminum has a notably lower Young’s modulus of
68.9 GPa [31] when compared with the Young’s modulus of 304 stainless steel of 193 GPa
[30], an additional 11in x 3in (25.4 mm X 76.8 mm) aluminum bar was bolted across the top
plate of the vacuum chamber to increase its stiffness. This reduced the deformation of the
top plate from 0.42 mm to 0.16 mm. Figure 2.6 shows the effects of this bar on the stiffness

of the vacuum chamber top plate.
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2.1.3 CFRP Struts

The LFC has 16 CFRP tube struts separating the 45 K stage from the OVC, and 16 CFRP
tube struts separating the 4 K stage from the 45 K stage. CFRP was chosen to limit the
parasitic heat transfer between stages as CFRP has a relatively low thermal conductivity
when compared to other available materials, such as stainless steel. The CFRP struts were
cut from lengths of 0.500in (12.7 mm) inside diameter (ID), 0.5701in (14.5 mm) outside
diameter (OD) CFRP tube available from Clearwater Composites [32]. This gives each
CFRP strut a cross-sectional area of approximately 38 mm?. The struts separating the 45 K
stage from the OVC are 108 mm long while the struts separating the 4 K stage from the
45 K stage are 221 mm long. Stainless steel knuckles extend 10 mm into both ends of each
CFRP tube and are epoxied in place using LOCTITE© STYCAST 2850FT epoxy cured
with CAT 24LV catalyst [33]. Ventilation holes were drilled through the CFRP tubes so
that any trapped air would vent from the sealed cavity. As a safety measure, pins extend
through the CFRP tubes and stainless steel endcaps to prevent catastrophic failure should
the epoxy joint fail.

Heat transfer calculations through the CFRP struts assume that the stainless steel knuck-
les and endcaps are isothermal at both ends of the temperature gradient. As these endcaps
extend into the CFRP tubes, the overall lengths used in heat transfer calculations were re-
duced by 20 mm. Thermal conductivity tends to be non-linear at cryogenic temperatures,
as such, temperature dependent thermal conductivity values for CFRP were obtained from
Chen et al. [34] and the thermal conductivity integral over the desired temperature gradient
was numerically calculated. The temperature dependent thermal conductivity was obtained
for integer temperature values over the chosen gradient by fitting a cubic spline to the 4
point neighbourhood surrounding each interval. The tabular data were then numerically
integrated with segments being processed in groups of four using a 5 point Newton-Cotes

integration formula [35] to give the thermal conductivity integral. This was combined with
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the above CFRP strut geometry to determine the net heat transfer of 3.9 W through the 45 K

struts and 18.2 mW through the 4 K struts.

2.1.4 Cold Structure

The cold structure of the LFC is comprised of an intermediate 45 K stage and a 4 K working
volume. The 45K stage consists of a single cold plate while the 4 K working volume is
split between an upper and lower cold plate connected at the corners by four 1in X 1in
(25.4 mm x 25.4 mm) square bar posts. All cold structure components are made from gold
plated C110 ETP copper. The as-assembled configuration of the LFC provides a 650 mm x
650 mm x 250 mm 4 K working volume. The height of this volume can be extended from
250 mm to 400 mm by replacing the four 1in X 1in (25.4 mm X 25.4 mm) square bar posts
with longer equivalent posts, and by installing taller 4 K radiation shields. The cold plates of
the cryostat form two breadboards with a 25 mm spacing hole grid on the lower breadboard
and a 50 mm spacing hole grind on the upper breadboard to allow flexibility in experiment
design and installation. To prevent the galling of threads in the soft copper, M3 and M4
Yardley©stainless steel press-fit threaded inserts were installed in the breadboards. M3
Heli-Coil©inserts were installed on the sides of the plates to which the radiation shields are
fastened.

With the increased size of the 4 K volume relative to the TFC, a torsion box design was
employed for the upper and lower cold plates to increase the stiffness of the breadboard
to prevent sagging. Maintaining a rigid 4 K structure had two requirements. A composite
bolometer detector housed within the 0.3 K sub-volume drove vibration considerations. It
was critical to keep the fundamental vibration mode for the structure of the cryostat well
above the detector cutoff frequency of around 10 Hz. Increasing the rigidity of the structure
increases the fundamental vibration mode frequency. Maintaining a flat and rigid bread-
board is also critical when installing high-precision optical systems within the cryostat. It
was determined that a single plate was insufficient to maintain a rigid 4 K structure and a

torsion box design was necessary.
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The torsion box design allowed the creation of a rigid, lightweight breadboard by sand-
wiching a grid of ribs between two parallel skins. Two design philosophies were explored
when looking at creating torsion boxes: a top and bottom skin bolted together with indi-
vidual spars, and a skin with integrated spars being machined from a billet block of copper
which is then bolted to a plate acting as the second skin. The billet design philosophy was
ultimately adopted as this approach both saved on manufacturing costs and improved ther-
mal conduction through the cold structure due to a reduction of bolted joints. Bolted con-
nections introduce unpredictable contact conduction and heat transfer across a joint when
compared with a homogeneous material. Eliminating bolted connections where possible
and opting for a billet design provides improved conduction.

Ansys Mechanical™ FEA was used in the design iteration process to study the vibra-
tion modes and how the 4 K breadboards deform under load. Figure 2.7 shows the defor-
mation of the internal structure of the LFC while under standard Earth gravity. The first
two vibration modes are a pendulum-like motion of the structure in either of the two ma-
jor rectangular axes occurring at 38 Hz. Figure 2.8 shows an example of one of these two
vibration modes. The results for the second pendulum mode are similar. The modal anal-
ysis computes only the frequency and shape of the vibration modes but the magnitude of
deformation has no physical meaning as no load is applied and should be ignored.

The PTCs that provide the cooling power to the 4 K volume are bolted onto the upper
4K plate through flexible thermal braids. These braids provide a thermal link between
the PTCs cold heads and the 4 K plate while isolating mechanical vibrations from being
transmitted into the cryostat. The design of these thermal braids is discussed further in
Section 2.2.4. For the lower 4 K plate to cool, conduction needs to occur across these
braids connecting the PTCs to the 4 K plate, then conduction needs to occur across the four
square posts at the corners connecting the upper and lower plates of the 4 K volume. Bolted
connections are present between the mating surfaces of these braids and posts. Calculating

conduction through bolted connections at cryogenic temperatures presents challenges due
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Figure 2.7: FEA model showing how the internal structure of the LFC deforms under stan-
dard Earth gravity.

Figure 2.8: FEA model showing the pendulum like motion of the fundamental vibration
mode for the internal structure of the LFC. The oscillation occurs at 38 Hz.
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to numerous variables that are challenging to control. Factors such as flatness, surface
roughness, cleanliness, and material influence the contact conduction through a mated joint.
Contact conduction is generally empirically determined, using equations that are a function
of bolt clamping force instead of the cross-sectional area of a joint [27]. At a microscopic
level, peaks and valleys given by the surface roughness of a joint will mean that the only
appreciable contact occurs in a small region around each bolt. Increasing the clamping force
at a bolted connection causes these microscopic peaks and valleys to deform, increasing the
contact conduction in the local area around the bolt.

An analysis was conducted to determine the optimal size for the corner posts and fas-
teners. Larger bolts will enable a higher clamping pressure, improving contact conduction
between the cold plates and the posts, while larger posts will improve the conduction from
the side mated to the bottom plate to the side mated to the upper plate. If the corner posts
are undersized relative to the bolts, heat transfer from the lower plate to the upper plate will
be restricted by the conduction through the posts, and if the bolts are too small with a low
clamping pressure, the heat transfer will be limited by the contact resistance of the bolted
connections. Striking a balance between these two factors and the available cooling power
from the cryocooler is crucial to prevent either from becoming a bottleneck.

Bolted copper joints at cryogenic temperatures have been empirically shown to follow a
power law over a 0.1 K to 20 K temperature range. The prefactor is a function of clamping
force and the exponent is based on the two materials of the joint [27]. For a 3kN force,

gold-gold contact thermal conductance is given by the following equation [36]:

K~0.1161T"!", WK1 (2.1)

where T is the average joint temperature.
Scaling the prefactor for a 9.9 kN clamping force from an M8 bolt gives a contact ther-
mal conductance of:

K ~0.38317"11, WK1 (2.2)
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Assuming a joint temperature of 4K yields a contact conductance of 1.785 WK~!.
Based on copper with a residual resistance ratio (RRR) of 100 having a thermal conductiv-
ity of 642.3Wm~!K~! at 4K [37], 280 mm long 1in x 1in (25.4 mm x 25.4 mm) square
bar stock yields a conductance of 1.480 WK~!. With the four corner posts, and 1.5 W of
cooling power at 4.2 K [38] provided by each of the two cryocoolers, M8 bolts paired with
lin x 1'in (25.4 mm X 25.4 mm) square post were chosen.

To validate the design decisions, Ansys Mechanical™ steady-state thermal FEA simu-
lations were conducted to determine the heat flow from the lower to the upper 4 K plates,
using the above conductance values. Joint contact conductance values were applied to the
posts, a static temperature was set at the location of the cryocoolers on the upper 4 K plate,
and power was applied to the lower 4 K plate. The resulting thermal gradient can be seen

in Figure 2.9.
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Figure 2.9: Steady-state thermal FEA model showing the thermal gradient in the 4K as a
result of 1 W applied to the lower 4 K plate. 1in X 1in (25.4 mm X 25.4 mm) corner posts
were paired with the contact conductance value for gold-gold M8 bolted joint connections.
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The coefficient of thermal expansion (CTE) for copper is greater than that of the stain-
less steel bolts. As the clamping force is a function of the elastic deformation of the bolt,
the clamping force will be reduced as the bolted connection cools. To compensate for the
CTE mismatch between the copper cold structure and the stainless fastener, molybdenum or
invar washers are commonly used. Invar tends to be cheaper and requires a thinner washer
to negate the CTE mismatch. The total linear contraction from room temperature (293 K)

to the desired temperature 7 is defined as [27]:

AL/L = (L293kx — Lt)/L293k (2.3)

AL/L values for various materials at key temperatures are provided by Ekin [27] and
used to find the difference in thermal contraction between the stainless fasteners and the
copper structure. Figure 2.10 plots the difference in thermal contraction between a stainless
steel fastener and the copper through hole which forms the joint between the upper 4 K
plate and the corner post. A 0.6 mm thick invar washer was used to compensate for the
CTE mismatch at this bolted joint. All washers used to compensate for CTE mismatch in

the LFC were machined in house.
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Figure 2.10: Difference in thermal contraction from 293 K to 4 K between a 6.35 mm long
stainless steel fastener and a copper through hole. As a molybdenum (orange) or an invar
(blue) washer increases in thickness, the difference in contraction is compensated.
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2.1.5 Radiation Shielding

Radiative heat transfer tends to have the largest impact on the thermal constraints of a cryo-
stat. To reduce the radiative power incident on the low-temperature stage of a cryostat,
intermediate stages and concentric layers of radiation shielding are used to separate the
cold structure from the warm room temperature side. The LFC is broken into four stages:
the room temperature OVC, a 45K stage, a 4 K stage, and a small 0.3 K sub-volume. As
Stephen-Boltzmann’s law scales to the fourth power with temperature, the majority of the
radiative heat transfer in the LFC occurs between the room temperature OVC and the 45 K
stage. To reduce this heat load, the 45 K stage radiation shielding is lined with multilayer in-
sulation (MLI) blankets. These blankets effectively trap radiant heat within multiple layers
of highly reflective material. The construction of the MLI blankets for the LFC is covered
in Section 2.2.5. Other methods to reduce radiative heat transfer included lining the stain-
less steel vacuum chamber with an aluminum foil to reduce its emissivity, and gold plating
the copper 4 K and 0.3 K radiation shielding to reduce their emissivity.

Radiative heat transfer calculations were performed to determine the radiative loading
on the 45 K stage and the 4 K stage. Calculations assumed that both emitters and reflectors
were diffuse (incoming and outgoing radiation is uniform over each surface), the surfaces
were gray (independent of wavelength), opaque (nontransparent), and isothermal. Steady
state heat transfer was assumed such that absorptivity equals emissivity. As a worst case
scenario, all emissivities were assumed to be 10 % and the insulating properties of MLI
between the OVC and 45 K stage were not taken into account. While the principles defining
heat transfer through MLI are well understood, it is difficult to characterize the real-world
performance of this insulation. Variations in construction, as well as intermediate contact
between layers of MLI affect its insulating properties and are difficult to quantify. The
addition of MLI on the 45 K shielding will reduce the radiative heat transfer and improve

cool down time.
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Figure 2.11: Diagram depicting a two-surface enclosure and its corresponding radiation
network. Image taken from [39].

By treating the concentric layers of radiation shielding as two-surface enclosures where
the emissivity, area, and temperature of each surface is known, a series of thermal resis-
tances, R, can be defined and a resistance network approach as shown in Figure 2.11 can
be used to solve the net radiative heat transfer from one surface to another. This resistance
network is made up by placing a surface resistance on each surface of the enclosure and
connecting them in series with a space resistance. For a two surface enclosure, this method
is straightforward as the network remains quite simple.

From Figure 2.11, €, A, and T represent the emissivity, area, and temperature of each
surface. The emissive power and radiosity for the surfaces are given by E; and J, respec-
tively. The view factor, F, is a geometrical factor that defines how well one of the surfaces
can see the other. With the emissivities, surface areas, and temperatures known, the net
rate of radiative heat transfer between the two surfaces is going to equal the net rate of heat
transfer for surface 1, which will also equal the net rate of heat transfer for surface 2. We

can then determine the net rate of radiative heat transfer using the following equation [39]:

E,1 —E . .
DL _ ) =—0n, W] (2.4)

Q2 = Ri+Rpp+Ry
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which is equivalent to:
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where G is the Stefan-Boltzmann constant.

To find the view factor, the two surfaces of the radiation shielding will be treated as
concentric spheres. This gives the inside surface looking towards the outside surface a view
factor of unity. As the areas of the emitting surface i and reflecting surface j are known, the
reciprocity relation shown below can be used to find the view factor of the outside surface

looking towards the inside surface.

AiFij=AjF (2.6)

2.1.6 Crycooler

The LFC was designed to be cooled using a pair of Cryomech PT415 PTCs, each of which
is accompanied by a CPA1110 compressor. The PT415 is a two stage cryocooler, providing
a 45K first stage and a 4 K second stage. Each PTC is rated to provide 1.5 W of cooling
power at 4 K and 40 W of cooling power at 45 K and is capable of achieving a base tem-
perature of 2.8 K. The available cooling capacity is dependent on the temperatures of both
stages. Figure 2.12 shows the cooling capacity curve for the PT415 PTC. The matching
compressors have a maximum power draw of up to 10.7kW [38]. This maximum power
draw occurs at the start of a cool down when the compressors are working the hardest. To
manage the heat generated by these compressors, a water cooling system is employed.

To mitigate the transmission of vibrations generated during the pulsating refrigeration
cycle of the PTCs, flexible thermal braids are used to connect the cold heads of each PTC to
the cold plates of the cryostat. A more comprehensive discussion on the assembly of these

thermal braids can be found in Section 2.2.4.
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Figure 2.12: Cryomech PT415 PTC cooling capacity. Image taken from [38]

2.2 LFC Assembly

The design of a cryostat is only half the battle. Parts must be manufactured, either in house,
or by sending drawings off to various machine shops. The AIG is fortunate that its project
manager, Brad Gom, is an extremely skilled machinist who is able to manufacture many of
these parts. Once the parts have been procured, the next step is to assemble the cryostat.

The following subsections underline the process of assembling the LFC.

2.2.1 Gold Plating

Gold plating was applied to all copper components within the cryostat. This was done for
two distinct yet crucial reasons: The copper cold structure of the LFC would oxidize over
time without being gold plated increasing its emissivity, and the thermal contact conduction

across bolted joints is improved with a gold-gold surface contact. The components that
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Figure 2.13: Gold plated copper wiring harness heat sinks.

were gold plated include the 45 K cold plate, 4 K cold plates, 4 K radiation shields, 0.3 K
radiation shields, wiring harness heat sinks, and the flexible thermal braids. Figure 2.13
shows the gold plated copper wiring harness heat sinks. The two rows on the left show heat
sinks that have already been gold plated while the row on the right shows bare copper heat
sinks that have yet to be gold plated.

The gold plating process began by preparing the copper components for plating. All
components were thoroughly degreased, cleaned, and deoxidized. Citric acid was used to
remove oxide from the copper pieces as it was found to work effectively on heavily oxi-
dized copper without damaging the base copper material while posing minimal exposure
risks when compared to stronger acids such as hydrochloric acid. Immediately before gold
plating, a dilute solution of acetic acid (2% to 3 % by volume) was used to acid etch the
copper. This was to remove any oxide that may have formed between the citric acid de-
oxidation process and gold plating. The copper piece was then thoroughly rinsed of acid
using reverse-osmosis water before being submerged into the gold plating bath solution.

The electroplating process for gold plating used a potassium aurocyanide based 24 carat
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pure gold solution from Gold Plating Services [40] and platinum clad niobium anodes. A
current density of 3mA cm™2 over the gold plated part was chosen as the optimal current
density for the solution falls in the 2mAcm™2 to SmAcm~2 range [41]. During the plat-
ing process, replenisher was added to the bath solution in order to maintain a sufficiently
high concentration of gold in the plating solution. As the concentration of gold drops be-
low a threshold value, the uniformity of plating becomes more variable and the deposition
rate of gold is reduced as the bath efficiency decreases [42]. A total of 6 gallons (22.7L)
of gold plating bath solution, alongside replenisher solution containing 20 g of gold were
used, costing approximately $10000 USD.

Gold coatings for thermal contact, such as those on the 4 K cold plates and thermal
braids, should fall in the 2 um to 5 um range. In contrast, surfaces intended for gold plating
to reduce emissivity, such as the 4 K radiation shielding, were plated to a thickness of 1 um
as this is significantly greater than the skin depth of gold at infrared wavelengths, which
spans from 4.4 nm to 138 nm across the 1 um to 1000 um range of wavelengths [43]. For

corrosion protection, a 0.5 um thickness of gold plating is sufficient.

2.2.2 CFRP Strut Assembly

CFRP struts were assembled using a two part epoxy to bond the composite carbon fiber to
the stainless steel endcaps. These endcaps are then bolted to the cold structure of the cryo-
stat. Epoxies tend to have a higher CTE under cooling than most materials. To compensate
for this higher CTE, glass-filled epoxies such as LOCTITE© STYCAST 2850FT [33] use
low thermal contraction ceramic powder as an additive to achieve a lower average thermal
contraction [27]. Reducing the differential thermal contraction reduces the stresses in the
epoxy helping to prevent cracking and the joint from failing. Through destructive testing, it
was found to improve epoxy joint integrity if both the CFRP tube and the stainless endcap
were scuffed with sandpaper and thoroughly cleaned. While the use of epoxy to join stain-

less steel to composites has been shown to be reliable, the addition of pins going through
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the CFRP tube and stainless endcaps were included as an additional factor of safety should
an epoxy joint fail.

Each epoxy joint has a surface area of 2000 mm?”. Assuming that the expected load of
100 kg would act purely in tension across all 16 of the 45 K struts, the shear stress on the
concentric lap joints would be 30.7 kPa. Epoxies are able to achieve a shear strength up
to 25 MPa, however with metal aluminum parts, the shear strength tends to fall to around
6 MPa [44]. Using this lower value gives the epoxy joints a factor of safety close to 200.
This substantial safety margin takes into account potential variations in load distribution,
shock loading, the fact that the struts will experience forces other than tension, and any
discrepancies in surface preparation before the epoxy bonding process.

The CFRP struts were epoxy-bonded in batches of eight, with one side of the struts
being epoxied at a time. Care was taken during the assembly process to ensure that the
ventilation holes in the CFRP tubes were not blocked with epoxy. Figure 2.14 shows the
assembly process of the CFRP struts using a jig, as well as showcasing all the fully assem-

bled struts.

Figure 2.14: Assembly process of CFRP struts. Left: The assembly process using a jig to
epoxy-bond eight CFRP struts at a time. Right: All fully assembled CFRP struts.
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2.2.3 Cold Structure Assembly

Once the outer framework of the LFC was complete, the cold structure assembly could
begin. The cold structure of the cryostat was assembled top down hanging from the top
plate of the outer vacuum chamber. A hydraulic lift cart was used to raise sections of the
cold stages such that the CFRP struts could be installed. Figure 2.15 shows the process of

assembling the cold structure of the LFC.

Figure 2.15: Assembly of the LFC cold structure. The 4 K upper cold plate is being raised
using a hydraulic lift cart before being mounted to the hanging CFRP struts.

2.2.4 Thermal Braids

PTCs provide the cooling power necessary for the LFC to reach 4 K. Vibrations induced
into the cold structure of the cryostat from the pulsing of the PTC refrigeration cycle must
be effectively managed. Flexible thermal braids are employed, serving to thermally link the

PTC:s to the cold structure of the cryostat while mechanically isolating and damping vibra-
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tions. These braids are made from thermally conductive material and must strike a balance
between conductivity and flexibility to optimize performance. Longer braid cables provide
more flexibility but have a negative impact on thermal conductivity while shorter braid ca-
bles improve thermal conductivity but will be less flexible and transmit more vibrations into
the cryostat.

A comprehensive procedure for manufacturing the thermal braids in house was devel-
oped. The thermal braids used in the LFC consist of two copper plates interconnected
with flexible copper cables. The plates are bolted to both the cold structure of the cryostat
and the PTC cold heads, with the copper cables serving as the thermal link and providing
mechanical isolation.

The braid plates were machined in house on a computer numerical control (CNC) mill
from 3/8in (9.53 mm) copper plate. To accommodate the flexible cabling, two rows of offset
holes were drilled into the edge of each plate. The flexible cabling, made from 10 AWG
stranded OFHC copper cable, was cut to the desired length. A custom jig allowed the ends
of the stranded copper cable to be welded together, preventing fraying during the braid
assembly proccess. Once welded, the cable ends were cleaned up and a total of 36 cables
were inserted into the holes drilled into the ends of the braid plates. A hydraulic press
was used to deform the plate where the cables were inserted in order to create a cold weld
connection between the plates and the cable braids. This cold weld ensures the greatest
conduction between the cables and the cold plates. Figure 2.16 shows the process of using
a hydraulic press to cold weld the flexible braids into the braid plates.

The process of achieving a desirable cold weld has a very fine line between insufficient
deformation of the plate, and excessively deforming the plate. If too little pressure is applied
to the joint, there will not be optimal conduction as there will be too little deformation to
achieve optimal cold welds. If too great of pressure is applied, the joint will deform to
the point where the flexible cables will start to be cut at the joint and the braid will have

to be scrapped. Manufacturing thermal braids is a time intensive process and damaging a
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Figure 2.16: Process of manufacturing flexible thermal braids. Flexible copper cables are
inserted into the ends of the braid plate. A hydraulic press is used to deform the braid plate
and form a cold weld joint with the cables. Left: A hydraulic press is used to form the
cold welds between a braid plate and flexible cables. Right: The results of the cold welding
process on one end of the thermal braid.

thermal braid during the cold welding step would require a new set of cables to be prepped
and welded, and new braid plates to be machined. Luckily, only a single thermal braid had
to be scrapped during the construction of the LFC due to the author of this thesis being a
bit overzealous with the hydraulic press.

To ensure optimal thermal contact conduction from the PTC to the thermal braid and
from the thermal braid to the cold structure through the bolted joints, the cold plates on the
braids were polished flat. The thermal braid plates were then gold plated to 2 um thickness,
and the cables were given a cosmetic plating to prevent oxidation. Figure 2.17 shows the
45K and 4 K thermal braids after they have been pressed and gold plated.

The use of invar washers to compensate for the CTE mismatch between stainless fasten-
ers and copper through holes was already explored in Section 2.1.4. This same concept was
applied to the thermal braids. 1 mm thick invar washers were used for all braids to ensure

clamping force remains constant, and that thermal contact conductance across the bolted
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Figure 2.17: Flexible thermal braids after being pressed and gold plated. Left: 45 K braid.
Right: 4 K braid.

joints does not decrease while cooling. As most of the thermal contraction occurs between
room temperature and 45 K, the difference in washer thickness needed for the 45 K braids

and the 4 K braids was negligible.

2.2.5 Multi-layer Insulation

The largest source of heat transfer within the LFC occurs due to radiation between the OVC
held at room temperature, and the 45 K stage. To reduce the radiant loading on the 45K
stage, its aluminum radiation shield was lined with MLI blankets. These MLI blankets were

manufactured in house using sheets of aluminized mylar.
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MLI are made of many thin, low emissivity (high reflectivity) sheets. When under
vacuum, the intermediate layers of an MLI radiation shield would have no contact such
that the only mechanism for heat transfer to occur is from the radiation emitted from the
low emissivity sheets. Assuming each layer is an infinite plane and all layers have the
same emissivity, the heat transfer across the MLI is reduced by a factor of 1/(n+1), where
N is the number of layers in the radiation shield [39]. This reciprocal relation means that
increasing the number of layers in an MLI blanket will reduce the net heat transfer, but with
diminishing returns.

The fabrication of MLI often leads to deviations from the ideal insulating properties.
Achieving perfect control over the manufacturing and installation of processes of MLI to
adhere strictly to the theoretical equation is impractical. Real world applications inevitably
involve contact between layers, particularly around the edges where the blankets are se-
cured, leading to conduction occurring within the blanket. Additionally, the geometries an
MLI blanket must conform to can vary greatly and are often complex, deviating from the
ideal infinite plane. Consequently, the insulating properties of MLI are typically character-
ized by empirical data as a function of the number of layers and layer density. Layer density
impacts how tightly packed the reflective sheets are, thus affecting the contact and conduc-
tion between layers, while increasing the number of layers follows the above reciprocal
relationship with diminishing returns.

Veenendaal explored the construction of MLI blankets for the TFC [26]. The MLI
constructed for the TFC consisted of 8 layer and 12 layer double aluminized mylar blankets.
These were deemed adequate for the operation of the TFC. As the LFC has a larger volume,
and subsequently a larger area with more radiant energy on the 45 K stage, 20 layer MLI
blankets were manufactured.

The MLI blankets for the LFC were constructed from NRC-2 Superinsulation [45], a
specialized aluminized mylar specifically made for MLI applications. Templates were cre-

ated for each blanket and the aluminized mylar was cut to match these templates. To allow
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Figure 2.18: MLI blankets before they were installed onto the 45 K radiation shields.

trapped gases to escape when under vacuum, a fine tipped soldering iron was used to melt
holes through the individual layers. Additionally, to prevent shifting of the intermediate
layers within the blanket, selected points around the edges were melted together using a
soldering iron. The edges of the blankets were taped and sealed to minimize the risk of
tearing the aluminized mylar during the installation or removal of the radiation shields.
Cutouts were made on the upper 45 K blanket to accommodate PTCs, electrical wiring
harness, and fiber optic cables to pass through the insulation. Figure 2.18 shows the MLI

blankets before they were installed onto the 45 K radiation shields.

2.2.6 Wiring Harness and Optical Fiber Harness

Attention was focused on improving the usability of the wiring harness within the LFC
when compared to the TFC. While the wiring harness within the TFC was more than ad-

equate, making changes to accommodate new experiments and troubleshooting electrical

37



2.2. LFC ASSEMBLY

issues posed considerable challenges. Consequently, the design of the wiring harness in the
LFC aimed to improve both the flexibility of electrical connections and the accessibility of
the wiring harness.

To allow the passage of 200 electrical connections through the OVC, 10 hermetically
sealed Amphenol PT Series miniature cylindrical connectors [46] were installed on a cus-
tom machined ISO-160 flange. Within the cryostat, the wiring harness branches out to serve
subsystems that have different electrical and thermal requirements. These subsystems are
split into thermometry channels, 45 K wiring, 4 K wiring, a He-10 sorption fridge, a detec-
tor, and heaters. All sections of the wiring harness that extended into the 4 K volume break
out into MDM-25 connectors [47]. If more electrical connections are needed at 4 K, two
MDM-25 connectors dedicated to thermometry channels in the 4 K volume can be easily
repurposed for other experiments. This allows freedom in designing the wiring harness
for experiments interconnects with the LFC, and flexibility in placing thermometers. Two
additional blank ISO-160 flanges on the top plate of the OVC allow for the existing wiring
harness to be expanded in the future, or for a custom wiring harness to be installed with an
experiment. The ability to pass multiple optical fibers through the OVC was also required.
A KF-40 flange on the top plate was the OVC was dedicated for the use of optical fiber
passthroughs. The PDPFTS relies on both 780 nm and 1550 nm optical fibers for use with
a photomixer and recording the translation stage position with laser metrology. Details
concerning the PDPFTS are discussed further in Chapter 3. Table 2.2 compares the key
details of the electrical wiring harness and optical harness between the TFC and the LFC.
A wiring diagram showing the complete wiring harness layout for the LFC can be found in
Appendix B.

To reduce parasitic conduction through the wiring harness, a method of heat sinking
needs to be implemented. This is typically achieved by clamping or varnishing wires to the
cold plates of a cryostat. For the LFC, a custom solution was adopted, using tailor made

printed circuit boards (PCBs) to act as passthrough at the 45 K stage and into the 4 K vol-
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ume. These PCBs incorporate a series of interconnects, which allows the wiring harness to
be soldered onto both sides of a PCB, providing continuous electrical connections through
the intermediate stages of the LFC. To reduce parasitic heat transfer, these PCBs are heat
sunk to the intermediate stages. MDM-25 connectors can also be soldered onto the PCBs
to allow flexibility in how experiments integrate with the LFC wiring harness. All of the
passthroughs that extend into the 4 K volume break out with MDM-25 connectors such that
the thermometry and electrical requirements for any given experiment can be easily met.
Figure 2.19 shows one of the PCB passthrough that extends into the 4 K with an MDM-25

connector.

Figure 2.19: 4K PCB wiring harness passthrough. A 12 twisted pair loom of 39 AWG
copper wire is soldered onto one side of a PCB passthrough that extends into the 4 K vol-
ume. An MDM-25 connector is soldered onto the side of the PCB that extends into the 4 K
volume.
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Table 2.2: Comparison of the wiring harness between the TFC and the LFC.

Harness Specification TFC LFC
Thermometry Channels 15 16
Heaters 2x100 W heaters at 45 K 2x200 W heaters at 45 K
2x100 W heaters at 4 K 2x200 W heaters at 4 K
He-10 Sorption Fridge Dedicated harness Dedicated harness
Detector Dedicated harness Dedicated harness
Spare Electrical Harness 0 MDM-25 at45K 1 MDM-25 at45K
2 MDM-25 at4K 2 MDM-25 at4K
Optical Fiber Passthrough Shared with vacuum Dedicated KF-40 flange
manifold

2.3 LFC Verification

With the construction of the LFC complete, the first step was to run the cryostat through a
series of tests to verify that it performed as designed. Vacuum leak testing was performed
as well as a series of cool downs to test the integrated subsystems and ancillary instrumen-

tation. The following subsections go over the initial testing and validation of the LFC.

2.3.1 Vacuum Testing
With the cold structure of the LFC assembled, vacuum testing of the OVC was conducted
to check for potential leaks. The vacuum chamber was pumped down using an Edwards-
XDS35i dry scroll pump rated to achieve an ultimate pressure of 8 mTorr [48]. This phase
of testing is essential prior to cooling down a cryostat as it involves understanding the pump
down behaviour and creating a typical pump down curve, both crucial for monitoring the
health of a vacuum chamber. If during the pump down process, the pressure lags behind the
expected pump down rate or fails to reach a similar ultimate vacuum pressure, it indicates
that there is a potential leak that must be investigated before proceeding with the cool down.
Before cooling down a cryostat, the vacuum chamber is pumped out to remove air as

a mechanism of heat transfer. Leaks in the vacuum chamber of a cryostat pose significant
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risks for several reasons. Once cooled down to 4 K, any gas leaking into the cryostat, with
the exception of a few trace gases, will condense onto the cold surfaces. A rise in pressure
will not be apparent as the gas leaking into the cryostat will condense. This can have an
immediate effect of damaging experiments within the cryostat that contain sensitive optics
and detectors. An additional concern arises during the warmup process. If enough gas has
leaked into the cryostat and condensed unnoticed, there can be a rapid pressure increase
during warmup as the condensed gas starts to evaporate. In the event of a sufficiently large
leak and the absence of mechanisms to mitigate overpressure, such as an overpressure relief
valve or burst disc, the vacuum chamber can rupture.

The OVC of the LFC was pumped down twice to confirm its vacuum integrity. As both
pump downs were able to reach the rated base pressure of the vacuum pump, leak testing
was not performed. Failure to reach the base pressure would have signalled a potential
leak. In such a case, a helium mass spectrometer leak detector would have been employed
to search the o-rings and seals of the OVC in order to locate any leaks. A typical pump
down curve, shown in Figure 2.20, was generated during the first pump down to use as a
reference for future pump downs. The LFC is equipped with two types of vacuum gauges: a
convection gauge and an ion gauge. The convection gauge is able to operate at atmospheric
pressure but is less accurate at low pressures, while the ion gauge is more accurate but
cannot operate at pressures greater than 50 mTorr.

In the pump down curve shown in Figure 2.20, a change in the pump down rate can be
seen at the 2 hour mark due to the gas ballast valve being partially closed on the vacuum
pump. Air pumped from the OVC can often contain vapours from water, adhesives, sol-
vents, and other volatiles. The gas ballast on a vacuum pump introduces outside air into
the pump, limiting its ultimate pressure but inhibiting vapours from condensing inside the
pump. Introducing gas ballast at the start of a pump down is key to extending the lifespan
of seals within a mechanical vacuum pump. Reducing the gas ballast when it is no longer

needed allows the pump to achieve a lower ultimate pressure.
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Figure 2.20: Typical vacuum chamber pump down curve for the LFC. A change in pump
down rate can be seen at the 2 hour mark as the vacuum pump was switched from Ballast
Setting 2 to Ballast Setting 1. The convection gauge pressure readout is shown in blue while
the ion gauge pressure readout is shown in orange.

2.3.2 Initial Cool Downs

The first cool down of the LFC operated with a minimal setup; only a single PTC was
installed alongside a basic wiring harness focusing on the essential thermometry. During
cool down, there were no issues with the vacuum chamber, the wiring harness, or the brand
new PTC. Furthermore, the performance of the thermal braids in the LFC matched the
similar performance to the TFC and the cool down was faster than the worst case prediction.
Due to the care that went into the design and assembly of the LFC, the first cool down was
flawless.

Figure 2.21 shows the temperature log that was recorded during the first cool down of
the LFC. After 36 hours, the 45 K plate reached a base temperature of 52 K with the 4 K
plate reaching a temperature of 4.9 K. The 4 K plate continued to cool until its temperature
plateaued at 4.5 K around the 48 hour mark. This first cool down demonstrated that the LFC

is able to operate on a single PTC, albeit with a rather long cool down time.
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Figure 2.21: The first cool down log for the LFC while operating on a single PTC. The
45K plate reached a base temperature of 52 K while the upper 4 K plate reached a base
temperature of 4.5 K.

Following the successful first cool down, additional subsystems were integrated into the
LFC. Between the first and second cool down, the entire wiring harness, the He-10 sorption
fridge, and the detector junction field effect transistor (JFET) module were all installed. It
is remarkable that in a wiring harness consisting of over 1000 solder joints, only a single
failure was experienced. During the second cool down, a single electrical short in the He-10
sorption fridge wiring harness caused a fuse to blow in the He-10 fridge cycle control box.
Upon warm up, the short was traced back to a tiny piece of solder that had fallen into an
MDM-25 connector and bridged two solder cups on the backside of the connector. Once
this electrical short was fixed, there have been no other issues with the LFC.

The next significant milestone for the LFC was its transition into utilizing two PTCs.
With the LFC now serving as the primary large volume cryostat for the AIG, a PTC had to
be removed from the TFC and transplanted into the LFC. Figure 2.22 shows the fully as-

sembled LFC featuring both PTCs and all ancillary subsystems. This upgrade significantly
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Figure 2.22: The completed LFC featuring two Cryomech PT-415 pulse tube cryocoolers,
a 650 mm x 650 mm x 250 mm 4 K volume, and a He-10 sorption fridge providing a small
0.3 K sub-volume.
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reduced the cool down time of the LFC, enabling the 4 K volume to reach 4.0 K in under
24 hours, with the majority of this cooling occurring in the first 17 hours. The 45K plate
reached a base temperature of 41.5 K during this time. Figure 2.23 shows the cool down log
for the LFC operating with two PTCs. The temperatures of all thermometers matched their
expected cool down rates, temperature gradients across the thermal braids matched their
typical performance, and there was minimal difference in PTC cold head temperatures.
The performance of the LFC operating with two PTCs has been verified. The successes
obtained from the first half-dozen cool downs stand as a testament to the quality of work
and care put into the assembly of the LFC. This success is a reflection of the collective

expertise, knowledge, and contributions of every member within the AIG.
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Figure 2.23: The LFC cool down log when operating with both PTCs installed. The 4 K
volume reached a temperature of 4.0 K in under 24 hours. The temperature of the 0.3 K
detector bracket plateaus around the 16 hour mark as the He-10 sorption fridge cool down
cycle had not been started.
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2.4 Summary

This chapter covered the design process, assembly, and verification of the LFC. This cryo-
stat was purpose-built for the development of far-infrared astronomical instrumentation.
With all subsystems now fully installed in the LFC, efforts swiftly moved towards integrat-
ing the PDPFTS into its 4 K volume. Following the positive trend, the sole cool down with
the fully integrated PDPFTS proceeded flawlessly. The design of the PDPFTS and the first

light results while operating the instrument at 4 K are covered in the following chapters.
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Chapter 3

Design of the Post-Dispersed Polarizing
FTS

Optical and near-infrared astronomy has a mature and well-
understood landscape in terms of technology development
for different platforms. In contrast, far-infrared astronomy
has more of the “wild west” about it.

Duncan Farrah

The post-dispersed polarizing Fourier transform spectrometer (PDPFTS) is a hybrid spec-
trometer designed to operate over the wavelength range of 285 um to 500 um (35cm™" to
20cm™!), chosen to match available diagnostic test hardware, and consists of four separate
modules: a cryogenic source module (4 K), a polarizing Fourier-transform spectrometer
(FTS) (4 K) which is split into a Fourier-transform spectrometer optics (FTSO) assembly
and a Fourier-transform spectrometer mechanism (FTSM) [49, 50, 51, 52], a reflection
diffraction grating (4 K) [53, 54, 55], and a composite bolometer detector (0.3 K) [56, 57].
Figure 3.1 shows a schematic of the PDPFTS featuring the four separate modules. Red

arrows in the schematic indicate the direction in which light travels between modules.

N lBlaCkbOdy FTSO
\§ Diffraction Composite
....... < - - ;
Polarized Line® Grating Bolometer
N FTSM

Source

Figure 3.1: A schematic overview of the cryogenic PDPFTS highlighting the four principal
modules.

47



3. DESIGN OF THE POST-DISPERSED POLARIZING FTS

Figure 3.2 shows a computer-aided design (CAD) rendering of the optomechanical lay-
out of the fully integrated PDPFTS; subcomponents use the same colour coding as in Fig-
ure 3.1. This layout consists of a source module (blue) featuring a modified flight spare
of SCAL [13], the blackbody calibration source of the Spectral and Photometric Imaging
REceiver (SPIRE) instrument on the Herschel Space Observatory (Herschel) [58], and a
tuneable cryogenic photomixer, capable of producing unresolved spectral features in the
THz frequency range. The double-decker polarizing FTS produces an interferogram of the
source spectrum and is split into two levels: the upper level consisting of the FTSO (or-
ange) and the lower level consisting of the FTSM (green) [49, 50, 51, 52]. The diffraction
grating module (cyan) [53, 54, 55] post-disperses the output from the FTS to produce a nar-
row band interferogram which is measured by the composite bolometer detector (purple).
Figure 3.3 exposes the two arms of the FTS that are hidden by the optics breadboard of the
FTSO. The white beam path shows the light that is transmitted through the beamsplitter

while the black beam path shows light that is reflected by the beamsplitter.
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Figure 3.2: CAD rendering of the PDPFTS featuring all four modules of the prototype
instrument. The colour coding shown in this rendering match the diagram in Figure 3.1.
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3. DESIGN OF THE POST-DISPERSED POLARIZING FTS

5 CM 10 15

‘0
T T T T T S T T A B B I

Figure 3.3: CAD rendering of the PDPFTS showing the two arms of the interferometer
after the input beam encounters the polarizing beamsplitter. The white beam shows light
that is transmitted through the beamsplitter while the black beam shows reflected light.

The use of two levels and fold mirrors results in a compact layout that fits within the
volume constraints of the Large Facility Cryostat (LFC). The polarized light generated from
the source module is collimated on the upper level of the FTS with the FTSO and is passed
down to the scanning mechanism on the lower level through pairs of periscope mirrors.
The FTSM scanning mechanism controls the optical path difference (OPD) between the
two arms of the interferometer before the light returns along the same path and is recom-
bined on the upper level. To optimally couple the output beam from the polarizing FTS
with the grating module, the output analyzer is oriented such that the transverse magnetic
(TM) polarization is vertical, in the dispersion direction from the grating. The polarization
dependence of the grating is discussed further in Section 3.6. The TM polarized output
beam is directed to the grating module where it is post-dispersed onto the detector. This
design has an optical multiplier of 8, i.e. for a mechanical displacement of 3.6 cm pro-
vided by the FTSM, we achieve an OPD of 28.8 cm. Rooftop mirrors within the FTSO

can be repositioned to change the single-sidedness of the scanned interferogram. The FTS
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3. DESIGN OF THE POST-DISPERSED POLARIZING FTS

can be configured in a symmetric configuration with both sides of the interferogram hav-
ing a 14.4 cm OPD around the zero path differnce (ZPD). This would provide the maximal
amount of phase information at the cost of resolution. Reconfiguring the FTSO for higher
resolution with a more single sided interferogram can achieve an OPD of +21.2cm to
—7.6cm. Table 3.1 summarizes the design specifications of the PDPFTS. The manufactur-
ing part drawings for the PDPFTS can be found in Appendix C.

The linear polarizers used within the PDPFTS are the first-of-their-kind and were man-
ufactured by QMC Instruments [59]. The polarizers feature a 2 ym period (1 pm spacing)
wire grid, deposited onto a thin polymer substrate through a standard mask process. QMC
Instruments has developed a process enabling matching wire grids to be precisely aligned
and deposited on both sides of the polarizer substrate. This design ensures that when one
of the polarizers is used as a beamsplitter in the PDPFTS, the phase remains balanced in
both arms of the FTS as the light in each arm travels through the polarizer substrate once.
This contrasts with traditional linear polarizers, where the wire grid is deposited on only
one side of the substrate. In such cases, the light in one arm of the FTS passes through the
substrate once, while the light in the opposite arm passes through the substrate three times,

introducing phase errors.

Table 3.1: Cryogenic PDPFTS specifications.

Parameter Value
Mechanical displacement 3.6cm
Reconfigurable OPD +144cmto —14.4cm
+17.8cmto —11.0cm
+21.2cmto —7.6cm
Aperture 50 mm
Entrance slit width, w 2.1 mm
Exit slit width, w” 4.0 mm
Entrance focal length, r 163.34 mm
Exit focal length, r/ 310.08 mm
Number of mirrors 15
Adjustable degrees of freedom 18
Power dissipation at 4 K < 1.5mW
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3.1. SOURCE MODULE

3.1 Source Module
The PDPFTS source module is comprised of a blackbody broad band emission source (con-
tinuum) and an unresolved line source (spectral feature). To generate realistic astronomical
spectra and demonstrate the performance of the PDPFTS, a spectral feature needs to be
superimposed onto a continuum. This is achieved by exploiting the polarization encod-
ing properties of a Martin-Puplett interferometer. When the line source is placed on the
same side of the linear input polarizer as the blackbody, both sources will have the same
polarization, resulting in an emission feature being superimposed onto a continuum. If the
line source is placed on the opposite side of the linear input polarizer, the two sources will
have opposite polarizations, resulting in an absorption feature being superimposed onto a
continuum. This novel polarization encoding source module was conceptualized by Naylor
and its operation at room temperature was initially explored by Huber [60]. I worked on
the design of the cryogenic source module that would be integrated into the PDPFTS.

The continuum source for the PDPFTS uses a blackbody element from the flight spare
of SCAL, the blackbody calibration source for Herschel SPIRE [58]. A blackbody element
was rewired and enclosed in a custom baffle, the inside surfaces of which were coated
with black LOCTITE© STYCAST 2850FT epoxy [33] and sprinkled with carborundum
particles to reduce stray reflections. An entrance slit is placed on the open end of the baffle,
which sits at the focus of the PDPFTS entrance optics. Figure 3.4 shows the flight spare of
SCAL and the custom baffle designed to enclose one of the blackbody elements for use in
the PDPFTS source module.

The blackbody elements used in SCAL are equipped with a calibrated Cernox® CX-
1030-SD thermometer [61] and a Vishay® precision PO603 500 Q +0.01 % resistor [62] as
a heater to allow precise temperature control of the blackbody. From Planck’s law,
_ 2hv? 1

¢ exp(kpT) 1

[Wm2Hz 'sr™ '] (3.1)

where Vv is the frequency of the electromagnetic spectrum that is being radiated, / is the

Planck constant, c is the speed of light, and kp is the Boltzmann constant, as the temperature
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3.1. SOURCE MODULE

Figure 3.4: The blackbody source module for the PDPFTS. Left: The flight space of SCAL,
the blackbody calibration source for Herschel [58]. Middle: The custom baffle and a black-
body element from SCAL. Right: The blackbody source as installed in the PDPFTS.

T increases, so does the spectral radiance of the body, B. By controlling the temperature of
the blackbody in the PDPFTS source module, a variable continuum following Planck’s law
can be generated.

To generate spectral line features, a cryogenic THz photomixer was used. This pho-
tomixer employs two optical fiber coupled 780 nm continuous-wave laser diodes [63] and
a semiconductor possessing a band gap smaller than the energy of 780 nm photons. The
frequencies of the two lasers are tuned such that their difference, or beat frequency, falls
within the THz regime. If a bias voltage is applied, when the light from these lasers is inci-
dent on the semiconductor, an alternating photocurrent is induced with the beat frequency
of the lasers. By coupling the semiconductor to an antenna, free-space THz radiation is
emitted [64].

For the PDPFTS, we present only the TM polarization mode to the diffraction grating
module. A photomixer with a bow tie antenna that emits linearly polarized light would
allow for optimal coupling and high efficiency. Unfortunately, there are no cryogenically
rated photomixers with bow tie antennas. Consequently, we opted for a Bakman™ Tech-
nologies B1319 GaAs photomixer with a log-spiral antenna, due to their proven reliability
operating at 4.5 K [65]. The output from our photomixer is approximately collimated and

emits elliptically polarized light with the orientation of the semi-major axis varying with

52



3.1. SOURCE MODULE

wavelength.This characteristic would pose challenges to calibrations as the amplitude of
the TM polarization component presented to the grating will change with wavelength, but
is unimportant for the verification of the PDPFTS in this thesis as we do not need to know
the line source intensity.

To couple the collimated beam from the photomixer to the FTSO, a custom made
TOPAS® cyclic olefin copolymer (COC) biconvex lens focuses the output from the pho-
tomixer through an entrance slit before being collimated by the input off-axis parabolic
(OAP) mirror. To magnify the output of the photomixer to match the 50 mm beam in the
PDPFTS, the biconex lens should have an effective focal length (EFL) of 32.67 mm. Ta-
ble 3.2 outlines the lens prescription.

Attempts were made to 3D print the lens using TOPAS® filament. While successful, the
facet lines due to the process of fused deposition modeling (FDM) 3D printing were found
to be unacceptable. A casting process using TOPAS® 5013S-04 COC [66] was instead
developed by Brad Gom to produce a lens with more clarity. A two part negative mold of
the lens was fabricated using a computer numerical control (CNC) milling machine. The
mold was filled with TOPAS® pellets and was placed into a 525 K vacuum oven. Melting
the pellets under vacuum allowed any trapped gasses to be evacuated, producing a clear and
defect free lens. Figure 3.5 shows the custom made TOPAS® COC biconvex lens using the

casting process.

Table 3.2: Custom made TOPAS® COC biconvex lens prescription. The image space and
object space indices of refraction were set to unity as the lens will be operating in vacuum.

Parameter Value
Radius of surface 1, R; 34.1 mm
Radius of surface 2, R —34.1 mm
Center thickness, CT 3 mm
Lens index of refraction, 1 1.5258(2) [67]
EFL 32.67 mm

53



3.1. SOURCE MODULE

Figure 3.5: Custom made TOPAS® COC biconvex lens.

The line source assembly consists of the cryogenic photomixer, followed by a 12 mm
aperture, the custom made biconvex lens, and the entrance slit. The flat surfaces of the
aperture and entrance slit were coated with black LOCTITE© STYCAST 2850FT epoxy
[33] and carborundum particles to reduce stray reflections. These four components were
mounted onto a plate and aligned with the FTSO. Figure 3.6 shows the line source assembly.

When installed on the PDPFTS for cryogenic testing, the blackbody and photomixer
line sources were configured to superimpose an absorption feature onto a continuum. Fig-
ure 3.7 shows the source module installed on the upper level of the FTS. The output from
the blackbody is reflected off of the input polarizer towards the input OAP mirror while
the output from the photomixer is transmitted through the input polarizer towards the input

OAP mirror.
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Figure 3.6: The line source module for the PDPFTS. A tuneable cryogenic photomixer
generates an unresolved line feature. A custom made biconvex Topas lens focuses the
output from the photomixer onto the entrance slit of the system.

Input Polarizer
Entrance Slits

Figure 3.7: The PDPFTS source module consisting of a blackbody and an unresolved line
source. The continuum produced by the blackbody is reflected off the input polarizer while
the line feature produced by the photomixer is transmitted through the input polarizer. This
configuration superimposes an absorption feature onto the continuum.
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3.2. FTS MECHANISM

3.2 FTS Mechanism

The Measurements & Analytics Division of ABB has developed a novel stiffness com-
pensated reactionless scan mechanism intended for a cryogenic far-infrared PDPFTS. The
Fourier-transform spectrometer mechanism (FTSM) engineering development unit (EDU)
demonstrates the technology readiness level (TRL) 5 requirements for a cryogenic scan-
ning mirror mechanism intended for the SpicA FAR-infrared Instrument (SAFARI). This
instrument would have been employed on the SPace Infrared telescope for Cosmology and
Astrophysics (SPICA) M5 mission [18]. In October 2020, the European Space Agency
(ESA) made the decision to remove SPICA from consideration as a candidate for the M5
mission [19]. Despite this late cancellation, a few months before the final mission selec-
tion review, the development and testing of the FTSM continued. The FTSM achieved a
total stroke greater than 3.5 cm while dissipating less than 1.5 mW of power at 4 K. Fig-
ure 3.8 shows the FTSM EDU installed in the Test Facility Cryostat (TFC) during part of
its cryogenic test campaign. Publications from Cournoyer et al. present the results of the

development and cryogenic testing of the FTSM EDU [49, 50, 51, 52].

Figure 3.8: The ABB FTSM EDU installed in the TFC as a TRL-5 demonstration of a
cryogenic scanning mirror mechanism. [49, 50, 51, 52].
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3.3. FTS OPTICAL BREADBOARD

I integrated the FTSM EDU as the scanning mechanism into the design of the cryogenic
PDPFTS. Subsequent chapters will discuss the design of an optical breadboard and the

additional optics necessary for integrating the FT'SO around the FTSM.

3.3 FTS Optical Breadboard

The FTSO assembly consists of an optical breadboard onto which the source module and
all auxiliary FTS optics can be mounted. Once the blackbody source, photomixer line
source, input polarizer, polarizing beamsplitter, and mirrors are mounted onto this optical
breadboard, the FT'SO functions as a single unit. This assembly is then integrated with the
ABB FTSM to form the PDPFTS source module and polarizing FT'S module.

I designed the optical breadboard and auxiliary optics around the double-decker FTS
concept, optimizing the use of the 4 K volume within the LFC. The mirrors and optics of
the FTS are mounted on both sides of the breadboard before it is lowered onto the scan-
ning mirror mechanism. The stiffness of the breadboard was optimized while minimizing
its mass, decreasing the cool down time of the optics while ensuring alignment stability,
particularly crucial due to the eight times multiplier effect on optical alignment tolerances
resulting from folded optics in the PDPFTS.

During the design phase, finite element analysis (FEA) simulations were performed us-
ing Ansys Mechanical™ to analyze the deformation of the breadboard under load and study
its vibration modes. The final iteration of the breadboard adopted a triangular honeycomb
structure. Figure 3.10 shows the maximum deformation of the breadboard of 1.5 um under
standard Earth gravity, while Figure 3.9 shows the results of the modal analysis with the
fundamental vibration mode occurring at ~ 430 Hz. While not visible in these renderings,
all auxiliary optics that form the FTSO are present in the simulations but hidden from view
to highlight the results affecting the breadboard only. It is important to note that the magni-
tude of deformation between the static structural simulation and the modal analysis should
not be compared. The modal analysis computes the frequency modes and shape, but the

magnitude of deformation has no physical meaning as no load is applied.
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Figure 3.9: Deformation of the PDPFTS breadboard due to standard Earth gravity. All
auxiliary optics mounted to the breadboard are included in the simulation but hidden from
view for clarity.

Figure 3.10: Modal analysis of the PDPFTS breadboard. The fundamental vibration mode
occurs around 430 Hz. All auxiliary optics mounted to the breadboard are included in the
simulation but hidden from view for clarity.
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3.4 FTS Mirrors

The PDPFTS mirrors were manufactured by B-Con Engineering [68]. The PDPFTS mir-
rors were diamond turned to an optical quality surface finish to aid in alignment using a
632.8 nm HeNe laser and a 1550 nm infrared laser as discussed in the following section.
An overall mirror flatness of A/10 is sufficient for an interferometric system with a single
reflecting surface, however, as each arm of the FTS has 10 reflections due to the folded
optics, the constraint on surface roughness for any individual mirror would increase by a
factor of v/10. The reported root mean square (RMS) surface roughness for the mirrors
ranged from 87 nm to 150 nm. Figure 3.11 shows a two part rooftop and a fold mirror used
in the FTSO.

The dihedral angles on the initial batch of the two part rooftop mirrors received from
B-Con were out of specification. Both rooftop dihedral angles were open (i.e. dehidral
angle > 90°). To measure the dihedral angle in our lab, the inexpensive technique based on

autocollimation outlined by Naylor and Schultz [69] was used. A telescope with a 500 mm

Figure 3.11: The mirrors used in the FTSO. Left: A two part rooftop mirror. Right: A fold
mirror used in the sets of periscope mirrors.
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focal length was used in conjunction with a 12 mm double crosshair reticule eyepiece. The
double crosshair reticule had a 0.2 mm spacing with a line width of 20 um. When the
crosshairs are aligned with the roof line of the mirror, the separation X of the two images
of the crosshair will occur in one axis only and is given by X = 49, where 9 is the deviation
of the dihedral angle from 90°. Figure 3.12 shows the telescope setup used to measure the
rooftop deviation angle.

Rooftop serial number pair 3,4 was measured as having a dihedral angle of 90° 4 8.36/.
Rooftop serial number pair 5,6 was measured as having a dihedral angle of 90° + 7.24'.
As the folded optics in the PDPFTS provide an eight times multiplier to the optical path,
the dihedral deviation angle needed to be less than one arc minute. These values were
unacceptable and the mirrors were sent back to B-Con for repair. After repair, the deviation
angle on rooftop pair 3,4 measured 7.8” and rooftop pair 5,6 measured 12", falling well
below one arc minute. Figures 3.13 and 3.14 show pictures taken looking through the
telescope before and after correction. Red arrows mark the separation X of the two images
of the crosshair due to the dihedral deviation angle. After correction, the two images of the

crosshair appear to overlap as the dihedral deviation angle is on the order of arcseconds.

Figure 3.12: Experimental setup used to measure the rooftop mirror dihedral deviation
angle. A 500mm focal length telescope is used with a 12mm eyepiec. The eyepiece
features a double crosshair reticules that has a 0.2 mm spacing and a line width of 20 pm.
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Figure 3.13: Measured dihedral angle deviation of rooftop mirror pair 3,4 before and after
correction. Left: Pre-correction dihedral deviation angle of 8.36’. Right: Post-correction
dihedral deviation angle of 7.0".

Figure 3.14: Measured dihedral angle deviation of rooftop mirror pair5,6 before and after
correction. Left: Pre-correction dihedral deviation angle of 7.24’. Right: Post-correction
dihedral deviation angle of 12”.
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3.5 FTS Mirror Alignment

Three point adjustable mounts were designed to integrate the mirrors discussed in Sec-
tion 3.4 into the FTSO. Adjustment screws with a thread pitch of 254 TPI were sourced
from Newport [70] to provide the fold mirrors with 1.1” of adjustment per 1° of screw ro-
tation and the rooftop mirrors with 1.4” of adjustment per 1° of screw rotation. The use of
three adjustment screws per mount allows for the control of tip, tilt, and parallel translation
of each mirror. Control over parallel translation was particularly critical for the periscope
mirrors, ensuring alignment of the lower level beams of the FT'S with the optical axis.

I performed the alignment of the FTS in two steps. The first step involved the alignment
of the FTSO before integrating with the FTSM. Without the FTSM in place, a ring laser
setup was used to align the periscope mirrors to ensure that the beam would remain on

axis as it was passed from the upper level of the FTS to the lower level. Alignment targets

Hidden bam path

Figure 3.15: Alignment of the PDPFTS using a visible wavelength laser and alignment
targets. The collimated output from the laser is fed through the optical axis of the FTSO.
By placing alignment targets at set points, the mirror mounts can be adjusted such that the
beam stays on axis throughout the instrument.
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were placed at various points within the ring laser setup and adjustments were made to each
mirror mount to keep the collimated laser beam on axis. Figure 3.15 shows the ring laser
setup. The laser beam can be seen passing through the OAP mirror mount along the optical
axis and through an alignment target on the upper level. Two sets of periscope mirrors pass
the beam between the upper and lower levels.

The optical laser was then replaced with a 1550 nm Eblana laser [71] and a beamsplitter
was installed in its mount. By placing a NIT short-wavelength infrared (SWIR) InGaAs
camera [72] at the output of the ring laser setup, the alignment of the FTSO can be verified
with 1550 nm spatial fringes. Figure 3.16 compares intentional misalignment of the FTSO

to produce 1550 nm fringes with the aligned optics showing no fringes.

Figure 3.16: SWIR InGaAs camera showing the intentional misalignemnt of the FTSO to
produce 1550 nm spatial fringes. The blue and orange circles in each image represent the
positions of the two beams. Top left: Misalignment on both axis of a single mirror. Top
right: Misalignment in the Y-axis of a single mirror. Bottom Left: Misalignment in the
X-axis of a single mirror. Bottom right: FTSO optics aligned with no fringes visible.
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Figure 3.17: The experimental setup used to measured spectral fringes across the travel of
the FTSM. A 632.8 nm HeNe laser was used as a source and a Si photodiode was used as
the detector. Spectral fringes from interference in the FTS can be seen on the oscilloscope
in the background.

The second step in alignment occurred after the FTSO was integrated with the FTSM.
With the FTS assembled, a 632.8 nm HeNe laser beam was launched through the optical
axis of the system. The rooftop mirrors were adjusted so that the returning beam in each
arm of the FTS remained on axis. A collimator was placed at the output of the interferome-
ter and was fiber coupled to a Si photodiode detector. With the FTSO aligned to the FTSM,
the mechanism was scanned to introduce an OPD between the two arms of the interferom-
eter. The detector signal was output to an oscilloscope, and 632.8 nm spectral fringes were
measured from the FT'SM scanning across its entire range of travel. Figure 3.17 shows the
experimental setup used to check alignment of the FTS.

The linear polarizing beamsplitter used in this setup has a 2 um period (1 um spacing).
At 632.8 nm, the FTS behaves as a Michelson interferometer, with the polarizer substrate

acting as the beamsplitter. To configure the FTS as a Martin-Puplett interferometer, the
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HeNe laser was replaced with a 1550 nm Eblana laser, and the Si photodiode was replaced
with an InGaAs photodiode. An input polarizer and output analyzer were added to the FTS,
and 1550 nm spectral fringes were measured across the entire range of the FTSM travel.
Spectral fringes with minimal apodization were observed across the entire range of
travel at both 632.8 nm and 1550 nm. Although this experimental setup allowed for the
alignment of the FTS at ~ A /200 of its designed operating wavelength, the polarizing beam-
splitter was inefficient due to the wire grid spacing being in the same wavelength regime as

the 632.8 nm and 1550 nm lasers.

3.6 Diffraction Grating Module

The diffraction grating module for the PDPFTS was designed by Anderson [53, 54, 55].
I integrated this module into the cryogenic PDPFTS as the post-dispersing element. The
grating for the PDPFTS was designed to operate over the wavelength range from 285 um
to 500um (35cm~! to 20cm™!). Assuming that the grating was slit width limited, the
width of the exit slit, w” was chosen to achieve a resolving power of R ~ 100 at 392.5 um
(25.48cm™!). The blaze angle of the grooves on the grating was set at 39.4° to maximize
the efficiency at this wavelength. The specifications of the grating, designed to operate in
the first order, are listed in Table 3.3. The grating was manufactured by B-Con Engineer-
ing [68] from RSA 6061 aluminum and ruled with single point diamond tooling under a
specialized thermalization process to minimize internal stress.

The design of this grating spectrometer features the grating mounted in a monolithic
aluminum enclosure on a pivot driven by a cryogenic stepper motor through worm gear
reduction. The monolithic design and material choice for the enclosure ensures that the
gear drive and optics maintain alignment as the system is cooled to cryogenic temperatures.
As envisaged, a far-infrared PDPFTS on the PRobe far-Infrared Mission for Astrophysics
(PRIMA) space telescope will incorporate several stationary diffraction gratings to dis-
tribute the signal from a polarizing FTS across different spectral bands of interest onto an

array of ultra-sensitive detectors. However, since we did not have access to a detector array,
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Table 3.3: Specifications for the grating spectrometer designed to operate over the range
of 285 um to 500 um [53, 54, 55]. The parameters in bold were changed from the original
design when integrating the grating module into the PDPFTS.

Parameter Value
Grating width, W 105 mm
Grating length, / 50 mm

Order of diffraction, m 1
Slit spacing, d 312 um
Deviation angle, 2¢ 15°

Entrance focal length,r 310mm
Exit focal length, r/ 310.08 mm

Entrance slit width, w 5.0mm
Exit slit width, w” 4.0 mm
Blaze angle, 0p 39.4°

the grating needed to rotate to change the angle of incidence/diffraction and scan the wave-
length range of interest using a single detector. This led to a Czerny-Turner monochromator
configuration shown in Figure 3.18 being chosen for the grating spectrometer.

The monolithic enclosure that houses the grating is shown in Figure 3.19 alongside a
CAD rendering cut-away view of the grating spectrometer. The cut-away view showcases
the beam path of the Czerny-Turner monochromator configuration used in the rotating grat-
ing The grating is coupled to a cryogenic stepper motor through a worm-gear reduction,
allowing the chosen wavelength to fall onto the detector. The inside surfaces of the en-
closure were coated with black LOCTITE© STYCAST 2850FT [33] epoxy and sprinkled
with carborundum particles to reduce reflectivity, thereby mitigating stray light. The output
analyzer of the PDPFTS is mounted onto the entrance of the grating module.

A unique feature of the grating spectrometer is the inclusion of a plane mirror mounted
to the rear side of the grating. This allowed the efficiency of the grating to be measured
across its designed operating range and compared with theory. When the system is coupled
to an FTS and the mirror is inserted into the optical path by rotating the grating 180°, a sin-

gle measurement of the entire band is obtained which serves to calibrate the efficiency of the
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Figure 3.18: The Czerny-Turner monochromator configuration. . is the incident angle,
is the diffracted angle, the input and output collimating mirrors have focal lengths r and 7/,
respectively. w and w” are the widths of the entrance and exit slits.

grating as a function of wavelength. Anderson investigated the general trend of the grating
efficiency across the operating range. The efficiency measurements shown in Figure 3.20
were calculated for each polarization state by comparing the amplitude of the grating scan
to the signal amplitude of mirror data at the same wavelength position [54, 55]. The meth-
ods discussed in Li et al. [73] were used to produce a theoretical polarization-sensitive
efficiency of the diffraction grating to compare with experimental measurements. The s-
polarization (TM mode) diffraction efficiency is shown to be greater than the p-polarization
(transverse electric (TE) mode) efficiency for a significant portion of the grating band. At
high angles of incidence, reflection diffraction gratings operate with high and uniform ef-
ficiency (~ 80 %) for TM polarized light, but lower and variable efficiency (10 % to 40 %)
for TE polarized light. The polarizing encoding properties of a Martin-Puplett interferome-
ter [17] can exploit this strong polarization dependence by ensuring that the interferometer

output presents the TM mode to the grating.
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Figure 3.19: The monolithic diffraction grating module designed by Anderson [53, 54, 55].
A CAD rendering cutaway view shows the beam path and rotating diffraction grating within
the monolithic enclosure.

The resolving power of the grating was measured across the wavelength range from
285 um to 479 um (35cm~! to 21 cm™!). Figure 3.21 shows the resolving measurements
and the data are compared with the theoretical slit-width limited resolving power. Even with
a slightly lower resolving power, these measurements show that the grating succeeds as a
post-dispersing module by restricting the spectral band of radiation viewed by the detector,

achieving the target R ~ 100 at the band centre.
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Figure 3.20: Diffraction efficiency measurements of s-polarized (red hexagons) and p-
polarized (cyan circles) light. The measured data are compared to numerical calculations
of the diffraction efficiency for s-polarized (orange) and p-polarized (blue) light using the
coordinate-transform method [54, 55]. The s-polarization measurements agree with theory
and confirm that the efficiency is both high and uniform over the wavelength range of in-
terest.
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Figure 3.21: Experimental resolving power of the grating (blue) measured with the cryo-
genic photomixer (cyan circles). Measured data are compared with slit-limited theory (or-
ange) [55].
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3.7 Detector Module

The detector module for the PDPFTS consists of a cryogenic composite bolometer mounted
onto the 0.3 K ultra-cold head of a three stage He-10 sorption fridge. The twin composite
Ge:Ga bolometer used in the detector module was designed by Gom [56, 57] and was
manufactured by QMC Instruments [59]. I designed the detector mounting bracket, exit
slit, and routed all the wiring through the cryostat and sorption fridge to the detector. This
bolometer was shown by Gom to have a typical noise-equivalent power (NEP) of ~ 5 x
10~'*W/+/Hz. Figure 3.22 shows the bolometer mounted onto the ultra-cold head of the
He-10 sorption fridge installed in the LFC. The exit slit for the PDPFTS, along with a
35cm™! edge filter, are installed onto the feed horn of the bolometer.

The working principles of a bolometer rely on measuring a change in temperature due
to radiation incident on the detector. By placing a semiconductor material with an electri-
cal resistivity coefficient that is highly sensitive to temperature onto a radiation absorbing
substrate, the temperature change of the detector due to incidence radiation will result in a
comparatively large change in its resistance. By applying a known bias voltage across the

bolometer, this change in resistance will result in a shift in the measured current.

Figure 3.22: Composite Ge:Ga bolometer detector mounted onto the ultra-cold head of the
He-10 sorption fridge. The exit slit of the PDPFTS can be seen on the feed horn of the
detector.
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This type of bolometer has been used in a number of far-infrared astronomical facili-
ties. Notable examples include bolometers being used at ground based observatories such
as the James Clerk Maxwell Telescope (JCMT) [74], airborne observatories such as the
Stratospheric Observatory For Infrared Astronomy (SOFIA) [75], and spaceborne missions
such as Herschel [58]. The next generation of far infrared observatories will utilize state-
of-the-art microwave kinetic inductance detectors (MKIDs) due to their sensitivity being
a few orders a magnitude greater than bolometers and transition edge sensors (TESs). In
recent years, MKIDs have been shown to achieve an NEP in the few 10~20 W/ VHz [14].
The sensitivity of the bolometer used in this thesis is more than capable of demonstrating

the performance of the fully cryogenic far-infrared PDPFTS.

3.8 Summary

A source module capable of producing a continuum with superimposed absorption features
has been developed, a method to align the FTSO after installation on the ABB FTSM [49,
50, 51, 52] was implemented, the diffraction grating module was previously tested by An-
derson [53, 54, 55], and the bolometer detector [56, 57] has been installed in the LFC. With
all four modules built, the PDPFTS can be fully integrated. The following chapters cover
the integration of the PDPFTS and the results obtained for a room temperature implemen-

tation of the instrument and the fully cryogenic integration in the LFC.
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Chapter 4

Room Temperature Post-dispersed
Polarizing FTS Results

Insufficient data for meaningful answer.

Isaac Asimov
The Last Question

4.1 Instrument Integration

While the construction of the Large Facility Cryostat (LFC) was underway, a room tem-
perature implementation of the post-dispersed polarizing Fourier transform spectrometer
(PDPFTS) was developed, marking progress towards achieving a fully cryogenic config-
uration. In this implementation, a less sensitive room temperature deuterated L-alanine
doped triglycene sulphate (DLATGS) pyroelectric detector manufactured by QMC Instru-
ments [59] was used in place of the cryogenic bolometer detector. While this pyroelectric
detector ranks among the best room temperature infrared detectors, its sensitivity is six or-
ders of magnitude lower than that of our cryogenic bolometer. This reduction in sensitivity
drove the requirement for a higher power source module. Fortunately, the Astronomical In-
strumentation Group (AIG) had available a Virginia Diodes tuneable line source [76]. This
source operates on the principles of frequency multiplication and is capable of producing
narrow banded spectral features within the 300 GHz to 400 GHz (10.0 cm 'to 13.3cm™))
frequency range at an output power that is four orders of magnitude greater than the cryo-

genic source module. A schematic overview of this room temperature implementation is
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4.1. INSTRUMENT INTEGRATION

shown in Figure 4.1, closely resembling the cryogenic configuration with modifications
made to the detector and source modules. The photon path for the room temperature im-
plementation matches that of the cryogenic design. Figure 4.2 shows the room temperature
implementation of the PDPFTS.

As the room temperature implementation of the PDPFTS was being developed, it be-
came evident that a new diffraction grating was required as the operating range of the cryo-
genic grating fell outside the emission range of the Virginia Diodes line source. A new

diffraction grating was manufactured in house with a blaze angle of 45° and a 675 um

FTSO
VDI Diffraction Pyroelectric
Line Source Grating Detector
FTSM

Figure 4.1: A schematic overview of the room temperature implementation of the PDPFTS
highlighting the four principal modules. A lower sensitivity room temperature QMC In-
struments pyroelectric detector [59] and a Virginia Diodes line source [76] were used in
place of the cryogenic bolometer and cryogenic source module.
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Figure 4.2: The room temperature implementation of the PDPFTS featuring a lower sensi-
tivity pyroelectric detector and a higher power but longer wavelength length source.
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Figure 4.3: A custom diffraction grating manufactured in house to match the wavelength
range of a Virginia Diodes line source. This grating was machined with a blaze angle of a
45° and a ruling spacing of 675 um.

ruling spacing designed to match the available frequency range of the higher power line
source. A blank of the existing grating was machined out of aluminum and computer nu-
merical control (CNC) was used to mill the grating rulings. I would like to acknowledge the
work of Brad Gom, the AIG project manager, for his invaluable contribution to machining
this grating. The precision required for manufacturing high tolerance optics is considerable
and Brad was able to machine a custom grating on short notice. Figure 4.3 shows the cus-
tom diffraction grating machined for the room temperature implementation of the PDPFTS.
This grating was used exclusively for the room temperature PDPFTS testing, after which

the original cryogenic grating was reinstalled.

4.2 Results

The room temperature implementation of the PDPFTS was tested in two operating modes:
as a diffraction grating spectrometer and as a post-dispersed Fourier-transform spectrom-
eter (FTS). When operating as a diffraction grating spectrometer, the Fourier-transform

spectrometer mechanism (FTSM) introduced in Section 3.2 was held stationary at a large
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optical path difference (OPD). The output from the Virginia Diodes line source [76] was
amplitude modulated, and the detector signal was fed through a lock-in amplifier. With
the photon path passing through the stationary FTS, the grating was rotated to measure
the spectral response. When operating as the post-dispersed FT'S, the diffraction grating
was rotated so that the desired spectral band would fall onto the detector, while the FTSM
scanned to provide modulation within the FT'S module.

As a new diffraction grating was machined for room temperature testing, the spectral
response of this grating was measured using the first of these two operating modes. At
various line source tunings, the diffraction grating was rotated such that the m = 41 and
the zeroth grating order could be observed. From diffraction theory, using a Czerny-Turner
monochromator configuration, when monochromatic light of wavelength A is incident on a

diffraction grating, the grating equation is given as:

m\ = 2d(sin (0 — ) cos ) 4.1)

where m is the order of diffraction, d is the spacing between adjacent grooves, ¢ is the
deviation angle, and 0 is the angle of incidence minus the deviation angle [77].

For a given order of diffraction, as the wavelength decreases, the angle of the grating
relative to its zeroth order will decrease. This can be seen in Figure 4.4 with the results of
the diffraction grating spectrometer scans. The m = 1 order in the top plot is highlighted
and expanded in the bottom plot with the grating angle converted to wavelength.

The resolving power for the diffraction grating was also measured. Line source tunings
were chosen for three closely spaced spectral features such that the resolving power of the
grating would not be able to distinguish one from another. For a generic spectrometer, the

spectral resolving power is given by:

R=— 4.2)
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where AA is the spectral resolution, the separation needed to distinguish two wavelengths. While
there are many ways to define resolving power, I have adopted the use of the full width
half maximum (FWHM) as a practical method of measuring spectral resolution. The cus-
tom grating achieved a resolving power of 53.4(1) at 856.7 um (11.66cm~!) and a re-
solving power of 57.8(4) at 938.1 um (10.66cm™"). The close up of the m = 1 order in
Figure 4.4 shows how the grating spectrometer is able to resolve the spectral feature at
856.7 um (11.68 cm™1), but would not be able to resolve the closely spaced features around

856.7 um (10.77 cm™1).
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Figure 4.4: Room temperature diffraction grating spectrometer scan results. Top: Grating
spectrometer scans showing the m = 41 and zeroth order. As the wavelength decreases,
the line features shift closer in grating angular position toward the zeroth order. Bottom: A
close up of the m = 1 grating order. The diffraction grating alone with its lower resolving
power (R ~ 55) would not be able to distinguish the closely spaced line features.
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Figure 4.5: Top: Room temperature PDPFTS scan results. The higher resolving power of
the FTS (R ~ 300), when compared to the grating (R ~ 55), can resolve the closely spaced
spectral features. Bottom: One of the recovered spectra with a best fit sinc profile.

In the second series of tests, post-dispersed FTS scans were performed at the same
line source tunings as the diffraction grating spectrometer scans. The Fourier-transform
spectrometer optics (FTSO) were configured to scan a fully double-sided interferogram.
The single-sided FTS scan length of 13.019 cm gave a theoretical spectral resolution of
0.038406cm™!. For an FTS, the instrumental line shape is given by the cardinal sine
function, defined as [15]:

sincx = X 4.3)
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The FWHM of the sinc function was used to find the spectral resolution of the FTS. The
recovered FTS spectra are very well fit by sinc profiles and the measured scans achieved a
spectral resolution of 0.038389(4) cm~!. The results of the post-dispersed FTS scans can
be seen in Figure 4.5. The higher resolving power of the FTS is able to resolve the closely
spaced spectral features at 10.77 cm ™!,

Comparing the grating spectra to the FT'S spectra showcases the power of the PDPFTS.
The diffraction grating spectrometer limits the spectral bandwidth, allowing the use of ul-
trasensitive detectors, but would not be able to resolve closely spaced line features; an FT'S
is needed to provide the higher resolving power.

The room temperature implementation of the PDPFTS allowed significant progress to
be made toward fully integrating the instrument at cryogenic temperatures. While modi-
fications had to be made to three out of the four modules, I was able to functionally test
the polarizing FTS module, which had not previously undergone testing. The results ob-

tained from these room temperature tests were used to set the stage for the fully cryogenic

integration shown in the following chapter.
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Chapter 5

Cryogenic Post-dispersed Polarizing
FTS Results

It is a capital mistake to theorize before
you have all the evidence. It biases the
judgment.”

Sherlock Holmes
A Study in Scarlet

5.1 Instrument Integration

With the construction of the Large Facility Cryostat (LFC) completed, the fully cryogenic
post-dispersed polarizing Fourier transform spectrometer (PDPFTS) was integrated into the
4 K volume of the cryostat. The instrument integration follows the design outlined in Chap-
ter 3. Figure 5.1 shows a computer-aided design (CAD) rendering of the PDPFTS alongside
a photograph of the instrument installed within the 4 K volume of the LFC. The blackbody
and photomixer can be seen on the Fourier-transform spectrometer optics (FT'SO) bread-
board. The Fourier-transform spectrometer mechanism (FTSM) [50, 51, 52] is seen on the
lower level of the Fourier-transform spectrometer (FTS). The diffraction grating module
[53, 54, 55] is inverted and mounted onto the LFC upper 4 K plate.The bolometer detector
[56, 57] is mounted onto the ultra-cold head of a He-10 sorption fridge. The detector is
hidden from view in the photograph due to the 0.3 K sub-volume radiation shields. This is
the world’s first fully cryogenic far-infrared PDPFTS. The spectroscopic results obtained

from this hybrid spectrometer are presented in detail throughout this chapter.
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Diffraction Grating - -

Figure 5.1: Cryogenic integration of the PDPFTS installed in the 4 K volume of the LFC.
Top: CAD rendering of the cryogenic integration. Bottom: A photograph of the fully
integrated PDPFTS before cool down.

5.2 Results

The intensity calibration of the PDPFTS was demonstrated with the entire instrument cooled
to 4 K. Calibration data were collected using only the blackbody source to determine the
spectral response function (SRF) of the instrument. Exceptional calibration accuracy was

achieved due to having the entire PDPFTS cooled to 4 K with no photon path to the labora-
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tory. Following the intensity calibration measurements, a series of absorption features were
superimposed onto a continuum using the novel source module discussed in Chapter 3 to
demonstrate the high resolution capabilities of the PDPFTS to resolve line features within
the low resolution micro-spectra post-dispersed by the grating. The resolving power of the
diffraction grating and the FTS were compared over the wavenumber range of 20cm™! to
35cm™! using both the continuum and line emission components of the source module.
For these measurements, the rooftop mirrors in the FTSO were positioned to offset the
zero path differnce (ZPD) away from the midpoint of the scanning mechanism, resulting in
an asymmetric interferogram measured from +21.2cm to —7.6cm optical path difference
(OPD). This decision aimed to achieve a higher spectral resolution by measuring a longer
single-sided OPD. However, during cryogenic measurements, the behaviour of the FTSM
as it moved through its center of travel posed challenges. We believe that changes in the
performance of the stiffness compensating flexure blades within the FTSM are a result of it
having undergone extensive accelerated lifetime testing with a large number of scan cycles
before being integrated into the PDPFTS. With this change in performance, the servo con-
trol was no longer able to scan the mechanism smoothly through the center of travel. As the
FTSM approached the center of its travel, the stiffness of the flexures would increase before
buckling, causing a sudden change in sign to the restoring force, a rapid acceleration, and
velocities that exceeded the capabilities of the laser position metrology. This reduced the
usable travel of the FTSM to half of its full stroke and limited the spectral resolution of the
FTS to around one third of its theoretical maximum for these measurements. In hindsight,
it was fortunate that the decision was made to offset ZPD. Due to the limited time avail-
able for testing, we were only able to cool down the fully integrated PDPFTS once before
shipping the FTSM back to ABB so it could undergo shock and vibration testing. Had ZPD
been left at the midpoint of the FTSM, the white light fringe would have remained in this
problematic region of travel in the scanning mechanism and the measured interferograms

would not have been capable of demonstrating the operation of the PDPFTS. Despite the
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limited usable travel of the FTSM, which reduced the available spectral resolution of the

PDPFTS, the quality of data was sufficient to demonstrate the hybrid spectrometer concept.

5.2.1 FTS Calibration

The initial set of calibration data were taken using a mirror in place of the diffraction grat-
ing, resulting in broad spectral measurements without a post-dispersing element. Data were
collected for three blackbody temperatures: 132.70(5) K, 106.00(5) K, and 88.60(5) K.
The instrumental SRF of the FTS was determined by comparing the measured signal inten-
sity of the continuum spectra, I [V], to their theoretical spectral radiance, B [W em s 1.
Theoretical spectral radiance values were determined using Planck’s law. For a linear sys-
tem, the spectral response consists of a slope, m [VW ™! cmsr], and an offset, b [V]. The
spectral radiance can then be related to the measured signal intensity as a function of tem-

perature, T [K], and wavenumber, G [ecm~!]:

I(T,6) =m(0)B(T,0) +b(0) (5.1)

As the slope and offset are only a function of wavenumber, the signal intensity from two

of the recovered spectra, alongside the spectral radiance for their recorded blackbody tem-
peratures, can be used to solve for the spectral response. The third remaining spectrum was
treated as an unknown temperature. Calibrated spectra for all three temperatures were ob-
tained by applying the SRF to their recovered spectra. These calibrated spectra should more
closely resemble the Planck curve when compared to the recovered spectra. As the spec-
trum treated as an unknown temperature is independent of the SRF, it was used to establish
the calibration accuracy.

Figure 5.2 shows the FTS calibration process. The top left plot shows an example
of a measured interferogram. The dominant structure in this interferogram is the white
light fringe centred at ZPD. The top right plot shows the recovered spectra for the three
blackbody temperatures noted above. A noticeable drop in the signal intensity can be seen

at 35cm™! due to the edge filter installed on the detector. The recovered spectra show
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Figure 5.2: The FTS calibration process. Top Left: Example of a measured interferogram.
Top Right: Recovered spectra for three blackbody temperatures. Middle Left: SRF based
on two of the recovered spectra. Middle Right: Comparison of calibrated spectra (solid
lines) and expected Planck curve (dashed lines) using only the SRF slope. Bottom Left:
Calibrated spectra using both SRF slope and offset. Bottom Right: Calibrated spectra
highlighting the non-linear detector response at higher blackbody temperatures.
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similarities to the Planck curve with many channel fringes present. These channel fringes
are believed to arise from unwanted reflective cavities with the many optical components
required in the double decker FTS design. At this stage, and unlike the diffraction grating
module where great efforts were made to reduce stray reflections [53, 54, 55], there was no
baffling put in place within the FTS. Operating with a closed cryostat offers a significant
benefit as the test environment is stable and one should be able to calibrate out these channel
fringes. The middle left plot shows the SRF derived from the difference between two
spectra and Planck’s law. The three remaining plots show the results of applying different
SRFs to the recovered spectra. Solid lines show the calibrated spectra while dashed lines
show the expected Planck curve.

The first attempt at calibration assumed that because no room temperature photons
were reaching the detector, the contributions from the 4 K background would be insignifi-
cant such that the offset of the SRF could be ignored. This SRF was calculated using the
133.70(5) K and 88.60(5) K spectra; only the slope from this SRF was applied to the re-
covered spectra. The middle right plot in Figure 5.2 shows the calibrated spectra from this
initial attempt at calibration. The calibrated spectra for all three measurements deviate from
the theoretical Planck curve and appear hotter than expected at shorter wavelengths. While
the SRF offset is minimal, there is a slight rise at the shorter wavelengths which would
indicate that self heating from the source module is making its way into the background.
This first attempt at calibration showed that the SRF offset could not be ignored.

The second attempt at calibration accounted for the change in background due to self
heating of the instrument by applying both the slope and offset of the SRF to the recovered
spectra. This SRF was calculated using the 132.7 K and 88.6 K spectra. The bottom left
plot in Figure 5.2 shows the calibrated spectra when both the slope and offset are considered
in the calibration. While there is much better agreement between the calibrated spectra and
the Planck curve, the 106.00(5) K spectrum treated as the unknown temperature is reading

warmer than expected. This led to investigating the non-linearity of the detector. The bias
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voltage across the bolometer detector varied as a result of black body temperature for these
measurements, signifying that its spectral response was changing. As shown by Gom [56,
57], the spectral response of our bolometer has a non-linear dependency on the intensity
of incident radiation. With a high radiant loading reaching the detector with the mirror in
place instead of the grating, an increase in the blackbody temperature causes the bolometer
to become increasingly non-linear in its spectral response. As the temperature of the black-
body is increased, the bolometer will measure a temperature lower than expected due to
this non-linear response. As a result of using the hottest of the three temperatures to derive
the SRF, which would see the most non-linearity, the middle temperature independent from
the calibration reads hotter than expected.

The third attempt at calibration considered the non-linear effects of the detector by using
the two colder temperatures of 106.00(5) K and 88.60(5) K for the SRF calculation as they
would introduce the least amount of non-linear effects. The bottom right plot in Figure 5.2
shows the expected outcome as a result of calibrating with a non-linear detector response
as the 133.70(5) K spectrum appears colder than its corresponding Planck curve.

The non-linear response of the detector is also evident due to the appearance of harmon-
ics in the out-of-band portion of the recovered spectra [78]. Figure 5.3 shows recovered
spectra with an extended x-axis to show the out-of-band energy in the second harmonic as
a result of the detector non-linearity. The high sample rate provided by the laser position
metrology designed by Christiansen [79] set our Nyquist wavenumber to 500 and allowed
for these out-of-band harmonics to be probed. Unfortunately, there was insufficient detector
information recorded during these measurements to perform a non-linear calibration. No
further attempts were made to calibrate the FT'S without a post-dispersing element as these
measurements are not important for the PDPFTS. The cause of the non-linear response dur-
ing these measurements is fully understood, and with the diffraction grating spectrometer
post-dispersing the output from the FTS, the photon flux incident on the detector will be

reduced by a factor of 100 and the detector will behave in the linear regime.
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Figure 5.3: The recovered spectra for three blackbody temperatures indicate detector non-
linearity with the out-of-band second harmonic.

5.2.2 Post-dispersed FTS Calibration

Attention was now turned to calibrating the PDPFTS. In this second set of calibration data,
the diffraction grating was rotated back into the optical path instead of the mirror, and the
output from the FTS was post-dispersed onto the detector. These data are the first mea-
surements taken with a fully cryogenic PDPFTS. Data were collected for three blackbody
temperatures: 133.50(5) K, 106.90(5) K, and 88.90(5) K. The same calibration process
from Section 5.2.1 was used to derive the instrumental SRF for the PDPFTS where the
recovered spectra from two of these three blackbody temperatures are treated as known
measurements with the third temperature treated as an unknown to check to the accuracy of
the calibration.

Figure 5.4 shows the PDPFTS calibration process at 32.9 cm™~! for a single detector at
the post-dispersed output. A far-infrared space observatory flying a fully realized PDPFTS
will employ arrays of detectors. Calibration products will have to be generated for every
detector measuring small portions of the entire band. While the PDPFTS in this thesis
only has a single detector and the desired wavenumber must be selected by rotating the
diffraction grating spectrometer, the same calibration process would be employed for every

detector in an array.
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Figure 5.4: The PDPFTS calibration process. Top Left: Example interferogram. Top Right:
Recovered spectra showing the grating profile at three different blackbody temperatures.
Bottom Left: The SRF derived from two of the recovered spectra. Bottom Right: The
calibrated spectra (solid lines) compared to their associated Planck curve (dashed lines).
The calibrated spectra used to derive the calibration perfectly match the Planck curve. A
Planck curve was fit to the unknown spectrum weighted by uncertainty values. A subset of
error bars are plotted to show the uncertainty.

The top left plot in Figure 5.4 shows an example of a measured interferogram. With the
grating restricting the spectral bandwidth measured by the detector, an increase in the co-
herence length can be seen in the reciprocal space as the interferogram is broadened around
ZPD. The top right plot shows the recovered spectra for all three blackbody temperatures.
The Gaussian-like grating profile can be seen in the recovered spectra with minor structure
introduced from channel fringes within the instrument. The bottom left plot shows the SRF

slope and offset derived from using the 133.50(5) K and 88.90(5) K recovered spectra. The
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bottom right plot shows the calibrated spectra by applying the SRF to the recovered spectra.
A Planck curve for the best-fit temperature was found for the unknown 106.90(5) K spec-
trum. This fit was weighted by uncertainty values where the signal strength was at least
10 % of the peak value. Outside of the grating profile, the spectrum is noise dominant and
should not be considered as part of the spectral response. A subset of the uncertainty values
are shown on the plot as error bars for reference. The best-fit Planck curve temperature had
a value of 107.1680(6) K while the expected black body temperature was 106.90(5) K. This
shows excellent PDPFTS intensity calibration with a 0.25 % difference. The non-linear ef-
fects seen in Section 5.2.1 were not present with the post-dispersion element limiting the
amount of radiation incident on the detector.

For completeness, I searched for a harmonic in the post-dispersed spectra which would
indicate detector non-linearity. Figure 5.5 shows the recovered post-dispersed spectra with
an extended x-axis. For these spectra, a harmonic indicating detector non-linearity would
occur at 66 cm™!. With sufficient smoothing of the data, a feature of less than one percent
can be found at the second harmonic. When compared to the prominent 10 % out-of-band
signal in Figure 5.3, the small harmonic feature in the post-dispersed spectra is lost within
the noise and indicates that the detector was behaving in the linear regime. One feature
of note in these post-dispersed spectra is the smaller peak at 16.5cm™! arising from the
second order of diffraction from the grating. From the grating equation, Equation (4.1), for
a set angle of incidence the second order of diffraction will occur at twice the wavelength,
or half the wavenumber. Other features can be seen arising from 1/ noise and the pulses
transmitted from the pulse tube cryocoolers (PTCs). With the scan speed of the FTS set
at 0.18 cms™!, the 1/f noise has fully decayed by 10cm™! (1.8 Hz), and the sharp peak at

~7.8cm™ !, alongside its harmonics, are correlated with the 1.4 Hz pulses from the PTCs.
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Figure 5.5: The recovered post-dispersed spectra for three blackbody temperatures show
1

the detector operating in the linear regime with no evidence of a harmonic at 66cm™".
5.2.3 Resolving Power
The next step in demonstrating the performance of the PDPFTS was to determine the spec-
tral resolving power for both the diffraction grating module and the FTS. This was ac-
complished by simulating and measuring interferograms of realistic astronomical spectra
consisting of a continuum and an unresolved absorption feature. The diffraction grating
module post-disperses a narrow portion of the continuum onto the detector and the pho-
tomixer line source would be tuned to place an absorption feature into this narrow band.
At a given blackbody temperature, the diffraction grating was rotated such that the de-
sired wavenumber of radiation would be incident on the detector and the FT'S was scanned.
The spectral resolving power of the diffraction grating was determined by measuring the
continuum at three points across the band: 20.0cm™ I 249cm™ !, and 33.9cm™!. A Gaus-
sian fit was performed on the resulting continuum measurements with the full width half
maximum (FWHM) of the fit being used to determine the resolving power. In Figure 5.6,
a recovered spectrum at 32.9 cm™! shows the grating profile and its Gaussian fit with min-
imal deviations due to channel fringes within the instrument. Of note, the wings of the
grating profile are exceptionally clean, showing no stray reflections as seen in previous

measurements with a room temperature FTS coupled to the grating [53, 54, 55].
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Figure 5.6: The recovered spectrum from a continuum measurement showing the diffraction
grating profile and a Gaussian fit. The Gaussian fit was used to determine the spectral
resolution of the diffraction grating.

To determine the resolving power of the FTS, an unresolved absorption feature was
superimposed onto the continuum measurements mentioned above. The photomixer was
tuned to place an absorption feature at the center of the grating profile and interferograms
were measured. To find the spectral resolution of the FTS, the absorption feature was
isolated from the continuum. The continuum contribution to the recovered spectrum was
determined by multiplying the Planck curve for the recorded blackbody temperature with
the instrumental SRF found using the calibration data from Section 5.2.2. By subtracting
this continuum contribution from the recovered spectrum, the absorption feature can be iso-
lated. The top plot in Figure 5.7 shows an example of the simulated astronomical spectrum
measured at 32.9cm~! by the PDPFTS. The continuum contribution is superimposed on
top of the recovered spectrum and the bottom plot shows the absorption feature isolated
from the continuum using this calibration data. The isolated line feature is very well fit by
the sinc profile canonical of an FTS [15]. The FWHM of the sinc profile was used to find
the experimental spectral resolution of the FTS.

A slight asymmetry is evident in the isolated absorption feature when compared with
the sinc profile. It is suspected that this asymmetry is introduced from the input polarizer.

As discussed in Chapter 3, QMC Instruments [59] had manufactured a first-of-their-kind
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polarizer with matching wire grids deposited on both sides of the substrate. While this was
ideal for the polarizing beamsplitter in the FTS, it introduced a small phase imbalance in
the source module. Given that the absorption feature is superimposed onto a continuum
by encoding the two sources with opposite polarizations, the line source and blackbody are
placed on opposite sides of the input polarizer. Light from the photomixer is transmitted
through the polarizer and passes through its substrate once, while light from the blackbody
is reflected and does not encounter the substrate. In cases where the transmitted and re-
flected light from the input polarizer or output analyzer are used, such as the case with the
PRobe far-Infrared Mission for Astrophysics (PRIMA) [24, 25], wire grid polarizers with

no underlying substrate should be used to avoid this calibration issue.
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Figure 5.7: The line feature extraction process. Top: A recovered spectrum containing
an absorption line feature and a calibrated grating profile representing a continuum only
measurement. Bottom: The absorption feature isolated from the recovered spectrum.
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The experimental resolving power for the diffraction grating and FTS were compared

against theory over the wavenumber range of 20cm~! to 35cm™!.

The top plot in Fig-
ure 5.8 shows the experimental resolving power measurements and the middle plot shows
the post-dispersed continuum measurements and superimposed absorption features used to
determine the experimental resolving power following the steps outlined above.

The diffraction grating theory assumed slit-limited resolving power. The diffraction
grating achieved a resolving power of R 121(1) at 20.0cm ™', R 83.5(7) at 24.9cm™!, and
R 57.2(3) at 32.9cm™!. The experimental resolving power for the diffraction grating was
determined to be approximately 70 % of theory. As the SCAL [13] blackbody element used
in the source is disk shaped and had to be positioned slightly away from the entrance slit,
it is suspected that a convolution of the 5 mm diameter blackbody element and the 2.1 mm
entrance slit is making the effective entrance slit size appear larger than expected. There
were discussions about modifying the blackbody element into a linear shape mimicking
the slit but the element was left unchanged for these first tests. To account for the path
from either end of the source making its way through the entrance slit, I chose to model the
slit-limited theory with a larger effective entrance slit size of 4.2 mm.

With respect to the resolving power of the FTS itself, the single-sided scan length for
these measurements of 8.1(3) cm gave a theoretical spectral resolution of 0.062(2) cm™!.
Due to the challenges associated with controlling the FTSM around its center of travel,
the maximum OPD differed slightly from one observation to the next. Fourier analysis of
the measured interferograms yielded a spectral resolution of 0.0639(8) cm~! at 20.0cm ™!,
0.0631(2)cm~! at 24.9cm™!, and 0.0609(4) cm~! at 32.9cm™~!. In an ideal FTS, the scan
length would not vary, the spectral resolution would remain unchanged for all measure-
ments, and the resolving power would increase linearly with wavenumber. The experimen-

tal results shown in Figure 5.8 follow theory, achieving a resolving power of R 313(4),

R 393(1), and R 540(3) at 20.0cm ™!, 24.9cm™!, and 32.9 cm™!, respectively.
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Figure 5.8: Top: Comparison between theoretical and experimental resolving power for the
low resolution diffraction grating and high resolution FTS that form the PDPFTS. Middle:
Recovered spectra showing the grating profiles and absorption features used to determine
the experimental resolving power of the PDPFTS. Bottom: Recovered spectra with multiple
absorption features tuned across the grating profile highlighting the difference in resolving
power between the grating and FTS.
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The three measurements made across the band shown in Figure 5.8 emphasize the dif-
ference in resolving power between the diffraction grating spectrometer and the FTS. The
number of line features that can be superimposed within a post-dispersed continuum spec-
tum is directly related to the ratio between the FTS resolving power and the grating resolv-
ing power. When looking at the top plot in Figure 5.8, the difference in resolving power is
on the order of ~ 2.6 times at 20.0 cm™~'. When looking at the bottom plot, only a single line
feature was superimposed within the continuum spectrum. Moving onto the measurements
at 32.9cm™!, the difference in resolving power is around ~ 9.5 times. As a direct result,
the number of line features that are superimposed with the continuum spectrum increases
from one at 20.0cm™~! to seven at 32.9cm ™!,

Figure 5.8 serves as the proof for the operation of a fully cryogenic far-infrared PDPFTS.
While measurements were only made at three different wavenumbers due to the limited
time available for tests, these data demonstrate the intensity and spectral calibration of the
PDPFTS presented in this thesis. The high resolving power of the FTS is able to super
resolve and isolate the line features from a continuum within the post-dispersed micro-
spectra. A complete broadband spectrum can be reconstructed by stitching together many
thousands of these micro-spectra, achieving the high resolution, the broad spectral cover-
age, and the ultra-high sensitivity necessary for the next generation of far-infrared space

astronomy missions.
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Chapter 6

Conclusion

But that is the beginning of a new story — the
story of the gradual renewal of a man, the story
of his gradual regeneration, of his passing from
one world into another, of his initiation into a new
unknown life. That might be the subject of a new
story, but our present story is ended.

Fyodor Dostoevsky

Crime and Punishment

This thesis presented the development of the Large Facility Cryostat (LFC), a large volume
4 K closed-cycle cryostat purpose built for the development and integration of far-infrared
astronomical instrumentation. The design, assembly, and initial testing of the LFC are cov-
ered in Chapter 2. The hybrid post-dispersed polarizing Fourier transform spectrometer
(PDPFTS) concept is the largest instrumental configuration that the Astronomical Instru-
mentation Group (AIG) at the University of Lethbridge has integrated. It was necessary
to build a new cryostat so that the entirety of the PDPFTS that forms the basis of my the-
sis could be cooled to 4 K. This cryostat is unique in Canada and was essential for the
work covered in this thesis. The PDPFTS integrated into this cryostat consists of four sep-
arate modules: the source module, the Fourier-transform spectrometer (FT'S) module, the
diffraction grating module, and the detector module. The design of these four modules is
covered in Chapter 3. While the previously mentioned LFC was under construction, results
were obtained for a preliminary room temperature implementation of the instrument. These

preliminary results are presented in Chapter 4.
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With the construction of the LFC completed, the culmination of this work is presented
in Chapter 5 with the fully cryogenic integration of the PDPFTS. The first light intensity
and spectral measurements for a fully cryogenic far-infrared PDPFTS are the key results of
this thesis. Figure 5.4 highlights the exceptional calibration accuracy as a result of operat-
ing the PDPFTS in a closed cryostat with a 4 K background. The spectral calibration and
resolving power for both the low resolution diffraction grating and high resolution FTS that
form the PDPFTS are presented in Figure 5.8. Despite the issues that are not uncommon
with testing an instrument for the first time, the PDPFTS concept demonstrates how a com-
plete broadband spectrum can be reconstructed from many post-dispersed micro-spectra to
achieving high spectral resolution, broad spectral coverage, and exploit the sensitivity of
modern detectors that are necessary for future far-infrared space astronomy missions.

The work presented in this thesis builds upon the shoulders of earlier students, the exper-
tise within the University of Lethbridge AIG, and our industrial partners. The Test Facility
Cryostat (TFC) designed by Veenendaal [26], the precursor cryostat that informed a lot of
decisions around the development of the LFC, was a Master’s thesis. The bolometer detec-
tor used in the PDPFTS was designed by Gom [56, 57] as a Master’s thesis. The diffraction
grating spectrometer designed by Anderson [53, 54, 55] used to post-disperse the output of
the FTS was a Master’s thesis. The laser metrology system designed by Christiansen [79]
used to record the position of the PDPFTS scanning mechanism was a PhD thesis. A novel
source module was developed at the AIG to simulate realistic astronomical spectra in order
to demonstrate the performance of the PDPFTS. The cryogenic Fourier-transform spec-
trometer mechanism (FTSM) designed by ABB [49, 50, 51, 52] provided the phase delay
in the FTS. My contributions to this effort were to bring all these separate components to-
gether, build the necessary cryogenic test facility, design the Fourier-transform spectrometer
optics (FTSO) around the FTSM, integrate the source, FTS, diffraction grating, and detector
into the LFC, and perform the first light measurements. With these measurements, I demon-

strated the intensity and spectral calibration for a fully cryogenic far-infrared PDPFTS.
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6.1 Outlook

The work performed in this thesis and the lessons learned will be valuable in guiding the
development of such hybrid spectrometers being proposed for future far-infrared space ob-
servatories. The reconstruction of a broadband spectrum from thousands of micro-spectra
will require a well thought out calibration strategy, that in all likelihood will employ a
source module similar to the one presented in this thesis. The design of instrumentation
that operates at 4 K is challenging due to the change in thermal, electrical, and mechani-
cal material properties that occur when cooled to temperatures approaching absolute zero.
Optimizing the servo control of a complex system at 4 K with little available power due to
stringent heat dissipation limits poses a significant obstacle. To keep power dissipation to
a minimum, ABB had developed a novel stiffness compensated FT'S scan mechanism [49,
50, 51, 52]. When performing measurements at 4 K after an accelerated lifetime testing,
the FTSM did not work as expected and we were limited to obtaining data over half of its
travel. However, it was still sufficient to prove the PDPFTS concept and we were able to
obtain results for both intensity and spectral calibrations using the high resolution FTS to
super-resolve the low resolution grating. Figure 6.1 presents the resolving power measure-
ments from Chapter 5, highlighting the potential increase in FTS spectral resolution had we

been able to collect data over the full travel of the FTSM.
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Figure 6.1: A comparison between the actual performance of the PDPFTS and the potential
increase in the FTS spectral resolution with the full scan length of the FTSM.
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The PDPFTS instrument concept presented in this thesis is widely considered by the
European Space Agency (ESA), the Japan Aerospace Exploration Agency (JAXA), and the
National Aeronautics and Space Administration (NASA) to be the leading candidate for a
future far-infrared space astronomy mission. This instrument concept is fundamental to the
advancement of high-priority science cases such as understanding the formation mecha-
nism of exoplanets in protoplanetary disks [21], the evolution of high redshift galaxies over
cosmic time scales [22], and a more diverse set of science cases presented in the PRobe far-
Infrared Mission for Astrophysics (PRIMA) science book [23]. The PDPFTS instrument
concept has been adopted for the PRIMA proposal [24, 25]. The PRIMA mission is cur-
rently under review by NASA, and we are hoping that it is selected so that the PDPFTS has
a path-to-flight. If this is the case, it is expected that the work conducted in this thesis may
refine and focus further research needs for the operation of a fully cryogenic far-infrared
PDPFTS. The next steps will be to explore the performance of this hybrid instrument con-
cept when using state-of-the-art microwave kinetic inductance detectors (MKIDs) with 4
orders of magnitude more sensitivity. However, it is not expected that the calibration strat-
egy for the PRIMA PDPFTS will fundamentally change which speaks to the importance of

the work presented in this thesis.
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Appendix B LFC Wiring Diagram
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B. LFC WIRING DIAGRAM
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