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Abstract

Recent advances in far-infrared detector technology have led to increases in raw sensitiv-
ity of more than an order of magnitude over previous state-of-the-art detectors. With such
sensitivity, photon noise becomes the dominant noise component, even when using cryo-
genically cooled optics, unless a method of restricting the spectral bandpass is employed.
The leading instrument concept features reflecting diffraction gratings to post-disperse the
light that has been modulated by a polarizing Fourier transform spectrometer (FTS) onto a
detector array, thereby reducing the photon noise on each detector. This thesis discusses the
development of a cryogenic (4 K) diffraction grating spectrometer which operates over the
wavelength range from 285 - 500 um and was used to post-disperse the output from a room-
temperature polarizing FT'S. Measurements of the grating spectral response and diffraction
efficiency are presented as a function of both wavelength and polarization to characterize

the instrumental performance.
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Chapter 1

Introduction to Far-infrared Astronomy

Astronomy is perhaps the science whose discoveries
owe least to chance, in which human understanding
appears in its whole magnitude, and through which
man can best learn how small he is.

GEORG C. LICHTENBERG

For thousands of years, humans have been observing the night sky wondering what lies
beyond our planet. Curiosity leads to innovation and the earliest example in astronomy was
the development of the first telescope by Lippershey (1570-1619) in 1608. The modest 3X
magnification realized in his design was enough to inspire other astronomers who believed
they could improve it. Italian astronomer Galileo (1564-1642) crafted a telescope design
of his own in 1609 which modified Lippershey’s design to achieve over 20X magnification
[1]. Galileo made many observations of valleys on the moon, phases of Venus, and the
“Galilean moons”, the four largest moons of Jupiter. Many further improvements to the
telescope were made over hundreds of years and in the late 1700s, Sir William Herschel
(1738-1822) became a common name among world-renowned astronomers. Herschel was
a British astronomer who is credited with the discovery of Uranus in 1781 and in 1789, he
led the construction of a 40-foot-long wooden telescope shown in figure 1.1. Herschel’s
telescope was the largest in the world at the time and allowed him to image small objects
including the moons orbiting Saturn. Perhaps even more integral to the advancement of
modern astronomy was Herschel’s work related to astronomical spectroscopy. In 1800,
Herschel used a thermometer to measure the temperature in the different colours of light as

they were dispersed by a prism, noting that the temperature increased from the violet to the
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W. Hewscurr, Collected Papers.) [Vor. I. Prare XVI

To Georce e Twikp Kixc or GreaT Britars, Evc
This View of a Forty Feet Telescope, constructed under his Royal Patronage, is with permission, most humbly inscribed, by his Majesty’s very devoted
and Loyal Subject and most grateful obedient servant, William Herschel

Figure 1.1: Image taken from [2] which shows the wooden telescope constructed for Her-
schel. The mirror itself was 48 inches in diameter and the telescope tube was 40 feet long.

red end of the spectrum [3]. Curiosity led him to measure the region just adjacent to the
red light where there was no visible light and, to his surprise, this region had the highest
temperature. He named the mysterious invisible radiation,“calorific rays”, known today
as infrared radiation. Around the same time, Fraunhofer (1787—-1826) invented the modern
spectroscope and used it to study the spectrum of the sun [4]. Fraunhofer noticed many dark
thin lines which were later attributed to transitions between the quantized energy levels
of atoms and molecules. The presence of certain atomic or molecular transitions yields
information about the chemical composition of the source. Thus, modern spectroscopy was
born and has evolved into the primary tool for determining the composition and physical

conditions in astronomical sources.
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1.1 Blackbody Radiation

Until recently with the first observation of gravitational waves, electromagnetic radi-
ation was the only way for astronomers to study distant objects in the universe. Thus, it
became critical to understand how this radiation is emitted by a source and how it interacts
with matter along its path to the detector. The latter is known as radiative transfer and re-
quires knowledge of interactions between atoms and photons [5]. This discussion begins by
considering radiation emitted by condensed matter in a homogeneous and isotropic manner,
known as blackbody radiation, which is governed by Planck’s equation [6]:

2

By(T) = —5——
el — 1

(Wm=2Hz 'sr!] (1.1)

where Vv is the radiation frequency, £ is the Planck constant, ¢ is the speed of light, kp is
the Boltzmann constant, and 7 is the temperature of the blackbody. In general, the matter
encountered by radiation along its path of travel is not isotropic and directional information
must be specified. Consider an energy density of radiation dEydv in a frequency range
between v and v + dv passing through an area dA in time ¢ from a direction specified by the

solid angle dQ [5]:
dEydv = I, (¥,t,7) cos 0dAdQadv, [JHz] (1.2)

where I (7,,7) is the specific intensity in the direction of /i. These quantities are illustrated

in figure 1.2. The flux is defined as the total energy of radiation per unit area per unit time:
R = [ cosede. Wm2Hz] (1.3)

The energy density, Uy, can be calculated by assuming the radiation travels along a cylin-

der with area dA and axis length cdt such that the volume which the radiation travels is
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area element dA, arbitrarily oriented to

the direction of propagation

radiance = intensity per point of
projected area dA |

equivalent projected area element
dA , oriented normal to the
direction of propagation

solid angle dQ

\ 4
~

dA intensity = radiated power ®_from
daQ = 7 I,=/L,dA dA or, equivalently, dA , propagating in a
direction defined as that centered on dQ2

Figure 1.2: Diagram taken from [7] illustrating radiometric quantities. The spectral inten-
sity, I, which is denoted as Iy in the text, describes the emission of a source at point P
measured at a distance r. G = % is the wavenumber of the light.
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The last simplification is relevant because the specific intensity of blackbody radiation is

independent of direction so the integral evaluates to 47 [5]. Substituting equation 1.1 for

By(T), the energy density becomes:

8nh  v?
Uy = DmB3HZ (15)
el — 1
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for a blackbody with temperature 7.

As the radiation passes from the source towards the observer through space, it will
interact with particles that lie along its path. The specific intensity of radiation at a given
frequency will vary due to contributions from emission from the particles within the ray
path and there will be losses due to photons being absorbed by particles. The contribution
due to emission is represented by, jy, and the losses are represented by the absorption
coefficient, oy, multiplied by the intensity. The radiative transfer equation states that the

specific intensity, Iy, of radiation at a frequency Vv varies along the path of travel, s, as [5]:

d.
5 = vk Um3sr Hz'] (1.6)
h)

If all of the radiation is absorbed, i.e. jy = 0, the solution to the previous equation becomes:

L(s) = Ly(sp)e fo () Dm2sr ' Hz'l (1.7)

where Ty = [ 0w (s’)ds’ is the optical depth along the path [5].
Equation 1.6 for radiative transfer can be written in terms of (‘% by noting that dty =

Oyds:

dl,  j
SN Dm2sr Hz '] (1.8)
dty, oy

where Sy = jy/ay is the source function. Multiplying both side of equation 1.8 by ¢™ and

integrating from 0O to Ty (s, to s) the result is [5]:
L(ty) = L(0)+Sy(1—e™ ™). Um~2sr'Hz7 '] (1.9)

In the interest of studying an object without an external source, i.e. Iy(0) = 0, the specific
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intensity is then given by:

Li(ty) = Sy(1—e™™). Om—2sr™' Hz™'] (1.10)

For an optically thin medium, Ty < 1, the above equation simplifies to Iy ~ jyL where
L = s—s, is the length of the path. For an optically thick medium, T, > 1, and the equation
simplifies to Iy ~ Sy [5]. In 1860, Kirchhoff (1824-1887) proposed that matter in ther-
mal equilibrium with its immediate environment will emit as a blackbody and predicted a

relation for light passing through an optically thick medium [8]:

jv = ayBy(T). Dm>3sr ' Hz' (1.11)

This relationship is known as Kirchhoft’s law of thermal radiation. Optically thin astro-
nomical sources, such as a sparse nebula, emit almost solely in spectral line features while
stars are generally optically thick and their emission resembles a blackbody. The next sec-
tion describes specific examples of astronomical sources which are best studied at infrared

wavelengths.

1.2 The Case for Far Infrared Astronomy

In 2005, the European Space Agency (ESA) released a decadal cosmic vision that out-
lined the four most important questions to be answered by modern astronomy in the decade

2015 - 2025 [9]:
1. What are the conditions for planet formation and the emergence of life?
2. How does the Solar System work?
3. What are the fundamental physical laws of the Universe?

4. How did the Universe originate and what is it made out of?
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Observations in the far-infrared provide critical information needed to answer questions 1,
2, and 4 [10]. Spectroscopy at these wavelengths gives insight into the evolution of stars,
planetary systems, and galaxies. By detecting metallic content in cold, young, star form-
ing regions, it is possible to infer the physical processes happening when a star is evolv-
ing. Furthermore, these observations will help scientists understand the complex conditions
necessary for planets of different types to form within a protoplanetary disk. Additionally,
due to cosmological expansion which will be discussed below, observations at far-infrared
wavelengths are required to probe the formation and evolution of galaxies over cosmic time.

Between 2017-2019, a series of papers related to the development of a far-infrared
space-based observatory were submitted and published in the Publications of the Astro-
nomical Society of Australia. These papers outlined the specific scientific goals that are
expected to be achieved with far-infrared spectroscopic observations [11-17]. Kaneda et.
al. [11] describe the potential to create large-scale galactic surveys to study how star for-
mation and black hole accretion evolves over time. Mid and far-infrared wavelengths are
rich in atomic and molecular transitions which act as chemical indicators of the physi-
cal processes within the region being probed. These wavelengths are also key to detect
polycyclic aromatic hydrocarbons (PAH) and understand their role in star formation [11].
Spectral identification of dust and ice features will give insight into the composition and
physical properties of the interstellar medium (ISM) and into the baryonic cycling of mat-
ter between stars and gas in star forming galaxies [12]. Spignolio et al. [13] describes
the importance of mid- and far-infrared spectroscopic observations which will allow scien-
tists to directly measure star formation rates and the metallicity of galaxies with increasing
redshift. Observations at longer wavelengths are also used to probe star forming galaxies
back to the reionization epoch and see through the dusty ISM that would otherwise obscure
these galaxies at shorter wavelengths [14]. The last two articles reference the use of high-
resolution spectroscopic measurements to determine the outflow inflow of gas in galaxies

[16] and the chemical composition of a large number of galaxies both near and far [17].
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1.2.1 Star Formation

Stars are some of the most fundamental astronomical objects. Observations of stars have
led them to being well classified by their physical properties including: mass, temperature,
luminosity, and chemical composition. Spectroscopy is the main tool for determining these
properties. The diversity in the physical characteristics of stars is mainly determined by
the birth weight and, at a secondary level, the chemical composition of the protostellar
nebula in which it forms. The main property to determine in a star is its mass. Stars form
due to gravitational collapse in dense regions of the ISM. However, there are significant
forces opposing this gravitational collapse and each opposing force varies in importance
depending on the scale of interest [18]. On a large, galactic scale, the main opposing
forces to gravity are the galactic tidal forces which are lowest in the spiral arms of a galaxy
causing these areas to be rich in star formation [18]. On an intermediate scale, star forming
regions consist of dense molecular clouds and the most important opposing forces to gravity
are turbulence and magnetic fields. On the smallest scales of interest, thermal pressure
dominates as the main opposing force to gravity [18]. There is a delicate balance between
the forces at play and if gravity does not sufficiently counteract the opposing forces, a star
will not form. The majority of visible light is absorbed by the dust and observations of the
interior can only be inferred through thermal emission of interstellar dust which occurs at
infrared wavelengths [18]. Thus, observations at infrared wavelengths are required to probe
into regions of star formation which are enshrouded in dust.

From studying the spectra of the ISM over a range of wavelengths, dust grains are esti-
mated to be ~ 1 um in diameter, close to the wavelength of visible light. Visible and shorter
wavelength radiation entering through regions of interstellar dust will be scattered and re-
emitted in longer wavelengths. This process is known as ‘reddening’ and is portrayed
in figure 1.3. The diagram shows the emitted radiation is reduced in intensity at shorter
wavelengths while radiation emitted in the infrared suffers less from extinction. The dust

particles within the ISM are key in the early stages of star formation because they help to
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Figure 1.3: Image taken from [21] that depicts how shorter wavelength radiation is scat-
tered and absorbed when it travels through dust clouds. The dust particles themselves emit
radiation at far-infrared wavelengths.

cool the cloud as it contracts by absorbing energy from the stellar photosphere and reemit-
ting infrared radiation [19]. Additionally, in the molecular star formation clouds, cooling
is achieved by far-infrared emission from molecules such as carbon monoxide (CO) [18].
Dust particles are integral in the formation of complex molecules, including CO, within
the ISM because they provide a surface for which individual atoms can meet and combine
through surface reactions. Since the ISM is extremely dilute with a density of 1 atom per

cm?

on average, dust grains are critical to facilitating interactions between atoms [20]. Dust
particles typically have a temperature around 20 - 40 K which means they emit radiation
that peaks in the far-infrared, further necessitating observations at these wavelengths [20].
The next stages of star formation for a main-sequence star (similar in size and temper-
ature to the sun) begin when the dense core of the cloud fragment starts to accumulate sur-
rounding matter. As this matter is accreted into the core, the cloud spins faster to conserve
angular momentum until it flattens into a protostellar disk that surrounds the dense core,
or protostar [20]. From this protostar stage, the star begins to form, eventually accreting
enough matter to reach core temperatures upwards of 10 000 000 K permitting the fusion
of hydrogen to helium. Stars can take between 1 and 100 million years to form, thus, it is

not possible to observe the evolution of a star from an interstellar cloud to a protostar and

finally a mature star. However, given the 100 billion stars in the Milky Way galaxy alone
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[20], astronomers can employ statistical methods to establish stellar evolutionary paths.
These statistics require observations at far-infrared wavelengths which are key to studying
the conditions of early star formation as mentioned above. Within the protostellar disk of
a forming star lies the protoplanetary disk(s); the birthplace of planets. Infrared astron-
omy will provide insight into the key physical processes involved in planetary formation as

described in the following section.

1.2.2 Planetary Formation

While the processes of star formation are relatively well understood, this is not the case
for planets. Astronomers have discovered properties of planets from studying our solar
system and nearby extrasolar planetary systems. The thousands of extrasolar planets de-
tected to date are widely diverse and it is unknown how the properties of the planet are
related to those of its parent star [22]. From the observations that have been made, planets
are thought to form around young protostars in disks of interstellar dust called protoplan-
etary disks. Dust grains facilitate the build-up of icy mantles from sub-mm dust grains to
the formation of km-sized planetesimals [23]. Spectroscopic data of several protoplanetary
sources have revealed an abundance of water and ice which appears to be a key component
of the accretion process. However, the chemical and physical properties of each planet de-
pend greatly on its location relative to the parent star. Each planetary system has a defined
distance from the star beyond which simple molecules such as water, can condense. This
distance is known as the snowline and separates the terrestrial planets from the jovian plan-
ets [24]. The condensation of water on dust grains has a significant role in planet formation
because it increases the sticking ability of the dust facilitating the accumulation of mass.
Thus, outside of this snowline, the cores of these planets are able to accrete more matter
and form large, jovian planets. Current astronomical observatories do not have sufficient
sensitivity to determine the location of the snowline in large surveys of protoplanetary disks

[23]. A need exists to develop technology for a high-sensitivity far-infrared observatory to

10
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Figure 1.4: Image taken from [23] that depicts far-infrared spectral features that may appear
in a protoplanetary disk.

probe protoplanetary systems.

As can be seen in figure 1.4, the measured infrared continuum and line emission allows
one to probe the composition and physical state of different components within a proto-
planetary disk. Astronomical facilities operating at near- to mid-infrared wavelengths can-
not measure dust grains larger than several microns, which are more relevant to the planet
formation process, because they emit at far-infrared wavelengths [23]. Furthermore, ther-
mal emission from water and ice is uniquely present at far-infrared wavelengths revealing
key insights into the evolution of water throughout the planet forming process [23]. Water
is considered a key element in the existence of life, so understanding the role that water
plays in forming planets may assist in discovering habitable worlds. Figure 1.4 shows the

plethora of information that can be gained by taking high-resolution far-infrared spectro-
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scopic measurements of a protoplanetary disk. Emission from neutral oxygen (OI) at 63
um can be combined with carbon monoxide (CO) sub-mm emission to indirectly determine
the disk temperature and mass [23]. Hydrogen deuteride (HD) at 56 and 112 pm is used
to determine the mass of the inner disk where most planets are formed. As can be seen
from figure 1.4, many diagnostic molecular and atomic lines such as hydrogen (H») rota-
tional at 12.3 and 17 pm, HD, H,O, and hydroxide (OH) fall into the far-infrared region
[23]. Molecular tracers of high-energy processes include [Nell] 12.8 um, [NelllI] 15.6 um,
[Fell] 17.9 pm, and [SI] 17.43 um [23]. Thus, far-infrared spectroscopic measurements of
protoplanetary disks are seen to provide unique diagnostic information necessary to study

the formation of planets.

1.2.3 Evolution of Galaxies

Another key motivation for infrared astronomy arises from the discovery of the expand-
ing universe. In 1929, Edwin Hubble measured the recessional velocity of 46 galaxies and
used the period-luminosity relationship for Cepheid variable stars to determine the distance
of each galaxy [25]. From these observations, he concluded that galaxies further away
from us were moving faster away from us thus, the universe is expanding. Furthermore, he

quantified this relationship between distance and velocity as being linear:

v=H,r, ms~!] (1.12)

where H, is the Hubble constant [25]. Hubble initially found the value of this constant
to be ~ 500 km s~! Mpc‘l. However, modern methods have determined the constant to
be around 70 km s~! Mpc~!. Hubble’s measurement was inconsistent with the modern
determination because he was unaware that there were two types of Cepheids with different
luminosities which caused some of his distance measurements to be inaccurate [25]. These
distances are on the scales of thousands of megaparsecs (1 Mpc = 3.26 million light-years)

so it was still remarkable that he was able to determine this relationship to the accuracy that

12
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he did.

Hubble’s Law in equation 1.12 states that the galaxies around us are receding at veloci-
ties that increase with distance. As the light from these galaxies travels towards an observer
near Earth, the wavelength becomes stretched due to cosmological expansion. For a galaxy
moving away from the observer, the light is shifted into longer wavelengths and the ob-
served wavelength depends on the relative speed of the galaxy compared to the observer.
This effect is known as the Doppler shift and the relationship between the wavelength of

light emitted, Agpirreq, to the wavelength observed, Appserveds 1S given by [5]:

}\,observed _ 1+X 1] (1.13)
)Vemitted c’

where v is the relative speed of the source compared to the observer and c is the speed
of light which is the same for all observers. Equation 1.13 is valid for galaxies with non-
relativistic recessional velocities, v/c < 1. When the source is moving towards the ob-
server, v is negative and when it is moving away, v is positive. The redshift, z, for z < 0.2

(non-relativistic) can be expressed as [5]:

_ )Lobserved - kemitted [1] (1 14)

kemitted

The most distant galaxies will have their emission shifted into longer wavelengths. Thus,
infrared astronomy is a powerful tool in studying the furthest reaches of the universe.

The current uniform expansion of the universe indicates there was a past time when
all the matter in the universe was concentrated into a point with infinite density [5]. From
this singular state, a “big bang” occurred which led to inflation and formation of the first
particles. An illustration of the expansion from the beginning of the universe to present day
is shown in figure 1.5. The first stars and galaxies began to form at ~ 400 million years
after the Big Bang which corresponds to a redshift of ~11. The transition from the dark

ages to the first stars forming is known as the epoch of reionization where galactic matter
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Figure 1.5: Image taken from [26] that illustrates the cosmic expansion of the universe.
Gravitational instability leads to the development of the first stars and galaxies known as
the transition between the “dark ages” and the epoch of reionization.

began to emit ionized radiation [5]. Equation 1.14 gave the relationship for the redshift of
an astronomical source in terms of the observed shift in wavelength of its spectral features
allowing astronomers to estimate extremely far distances. Recently, astronomers have used
spectroscopy to discover dozens of dust-obscured galaxies emitting with a peak luminosity
in the infrared with a high star formation rate (SFR) at z > 5 [14]. Far-infrared observations
are a unique tool to study the formation of the first galaxies which are embedded in dust
and will have their emission shifted to longer wavelengths due to cosmological expansion.

Many galaxies emit radiation with a peak in the visible spectrum [20]. However, some
extremely luminous sources have been found to exhibit a peculiar emission spectrum, even
peaking at infrared wavelengths in the case of ultra-luminous infrared galaxies. These ac-
tive galaxies have been categorized by four main species: Seyfert galaxies, radio galaxies,
quasars, and blazars. All of these objects are characterized by a powerful, high-energy

source located at their galactic nucleus, believed to be an active supermassive black hole
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[20]. Seyfert galaxies emit most of their radiation in the infrared and resemble a similar
structure to a spiral galaxy, however, their luminosity can vary by a factor of two within
a period of less than a year [20]. Quasars are the most luminous of these active galax-
ies and usually have broad emission lines characteristic of rapid thermal motion within
its core. This active galactic nucleus (AGN) is thought to be a supermassive black hole
billions of times more massive than the star which is surrounded by an accretion disk of
hot interstellar matter [20]. There is an intimate relationship between the increase of star
formation (SF) in an active galaxy and the growth of the AGN. High-resolution spectro-
scopic measurements are needed to separate the spectral contributions from accretion and
SF within the same source. However, the accretion disk is usually surrounded by a thick
region of interstellar dust which absorbs all of the inner radiation (often with a peak in ul-
traviolet or optical wavelengths) and re-emits at longer wavelengths [15]. Measurements of
the dust re-emission in the infrared allows astronomers to indirectly measure the primary
radiation produced during the main stages of galactic evolution, and provide insight into
the transition from the dark ages to the epoch of reionization [15]. With the motivation
for far-infrared astronomy outlined in the above section, it is important to discuss previous

infrared observatories which have paved the way for the next generation of observatories.

1.3 Infrared Observatories
1.3.1 Earth-Based Telescopes

Through centuries of technological advancements astronomers have been constantly
building larger and more sensitive telescopes and instrumentation. Observing infrared radi-
ation from ground-based telescopes is not a simple task because of the absorption by water
vapour and carbon dioxide in the atmosphere. The transmission of the electromagnetic
spectrum through the atmosphere is shown in figure 1.6 and it is seen that the best place to
observe infrared wavelengths is from space. With the significant cost associated with send-

ing a telescope into space, the next-best alternative is to operate the telescope in an airborne
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Figure 1.6: Image taken from [28] which shows the atmospheric transmission of all wave-
lengths of radiation. Infrared radiation is almost completely absorbed as it travels into the
Earth.

facility or at the peak of a tall mountain. One observatory which operates at the top of a
dormant volcano is the Mauna Kea observatory (MKO) located on the summit of Mauna
Kea in Hawaii, U.S.A. MKO was built at an elevation of 4.2 km which was above most
of the atmospheric water vapour; ideal conditions for infrared observations [27]. One suc-
cessful infrared telescope at MKO was the James Clerk Maxwell Telescope (JCMT) which
saw first light in 1987. Two of the instruments which have operated at JCMT were the
submillimetre common-user bolometer array (SCUBA) and its successor SCUBA-2. The
SCUBA instruments were sensitive to radiation from 450-850 um which allowed them to
make observations of distant interstellar dust sources [27].

The Llano de Chajnantor Observatory hosts a collection of observatories in the highest
altitudes (~5000 m) of the Atacama Desert in Chile. The Atacama Large Millimeter Array
(ALMA) is one observatory at this location which includes an array of 54 12-meter and
12 7-meter dish antennas and operates over wavelengths from 0.3 - 10 mm [29]. A new

observatory aiming to see first light in 2023 is the Fred Young Submillimeter Telescope
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(FYST), formerly known as CCAT-prime, which targets wavelengths between 0.2 - 3 mm
and incorporates a 6-meter aperture [30]. While these high-altitude facilities experience a
much lower atmospheric absorption than at sea-level, they are still ultimately limited by
atmospheric emission. The Earth’s atmosphere is comprised of a combination of gases:
nitrogen, oxygen, argon, water vapour, etc. As the gas molecules are heated by radiation
from the sun and radiation reflected from Earth’s surface, they re-emit photons with ener-
gies equal to the rotational-vibrational transitions they undergo. The resulting atmospheric
radiation dominates the background limiting noise generated (BLING) [31].

Another method to escape atmospheric absorption is to operate a telescope on an air-
borne facility. One such facility which was able to operate at an altitude of ~14 km was
the National Aeronautics and Space Administration (NASA) Kuiper airborne observatory
(KAO) flown on a Lockheed C-141A Starlifter jet transport aircraft. KAO flew from 1974-
1995 and was able to make observations in the 1 - 500 um range using a 91.5 cm telescope
[32]. The successor to the KAO was the stratospheric observatory for infrared astronomy
(SOFIA) which was commissioned by NASA and the German Aerospace Center (DLR)
and was flown on a Boeing 747 SP jet. The capabilities of SOFIA include high-resolution
spectroscopy at wavelengths between 5-600 um using a 2.5 m telescope with optics kept
at a temperature of ~ 230 K [33]. These flight missions are limited because they still ex-
perience ~ 1% absorption from the atmosphere and because it is increasingly difficult to
cryogenically cool the telescope within the jet interior. Ultimately, the thermal emission
from the mirror of the airborne observatories dominates the BLING in the far-infrared un-
less the observatory is cooled to < 30 K [31]. Even then, the airborne observatory is still
limited by atmospheric absorption and emission. Therefore, in order to achieve a BLING
which is dominated by the background of the astronomical source, the telescope must be

deployed into space and cooled to cryogenic temperatures [31].
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1.3.2 Spaced-Based Telescopes

Modern infrared astronomy has seen such dramatic improvements in detector sensitiv-
ity and instrument concepts that ground based telescopes are limited in sensitivity by the
atmospheric emission, even at high altitudes. Even more of a limiting factor is the back-
ground radiation emitted by the intrinsic thermal emission of the telescopes, requiring them
to be cooled to cryogenic temperatures. Consequently, the need for a space-based cryo-
genically cooled infrared observatory was established. The Infrared Astronomical Satellite
(IRAS) was a collaborative effort between NASA, the Netherlands Agency for Aerospace
Programmes (NIVR) and the United Kingdom’s Science and Engineering Research Coun-
cil (SERC). In 1983, IRAS was launched as the first space-based infrared observatory with
detector bands centered around 12, 25, 60 and 100 um [34]. IRAS featured a 57 cm tele-
scope with mirrors cryogenically cooled to < 10 K and instrumentation cooled to < 3 K.
In 1995, ESA launched the infrared space observatory (ISO) which operated in the 2.5-240
um wavelength range and featured a 60 cm primary mirror cooled to ~ 8 K. One of the
instruments on ISO was the long wavelength spectrometer (LWS) which featured optical
components cooled to ~ 3 K detectors at 1.85 K allowing it to observe the long infrared
wavelengths, 45-180 um [35]. The Spitzer space telescope was launched by NASA in 2003
with a 85 cm telescope cooled to 5.5 K. The three principal instruments aboard Spitzer
include the infrared array camera (IRAC) which operates in four bands from 3.6 - 8 um,
the infrared spectrometer (IRS) with four modules spanning wavelengths from 5.5-38 pm,
and the multiband imaging photometer for Spitzer (MIPS) which is imaged in three bands
from 24-160 um [36]. Another infrared space mission, Akari, was launched in 2006 by the
Japanese Space Agency, JAXA. Akari was specialized for the detection of wavelengths in
the span of 50-180 um and featured a 68.5 cm telescope cooled to ~ 6 K [37]. While these
missions were all successful, the point source sensitivity was limited by the diameter of
the primary mirror so the next step for infrared astronomy was a space-based cryogenically

cooled large telescope.
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The Herschel Space Observatory (Herschel) launched in 2009, was the most successful
far-infrared astronomy space mission to date [38]. The instrument suite was able observe
obscured regions and measure the emission of galaxies at high redshift [39]. Out of the
space missions discussed, Herschel was the largest and most sensitive having a mirror with
a diameter of 3.5 m and a mixture of low- and high-resolution spectroscopic instruments
[40]. The instruments onboard Herschel include: the heterodyne instrument for far infrared
(HIFI), the photodetector array camera and spectrometer (PACS), and the spectral and pho-
tometric imaging receiver (SPIRE). With its high sensitivity, Herschel was able to study
some of the coldest and furthest objects in the universe providing invaluable information on
the structure of stars, galaxies and interstellar regions.

The James Webb Space Telescope (JWST) is an infrared space observatory launched
in December of 2021. The telescope features 4 instruments one of those being the Mid
Infrared Instrument (MIRI) which will image and take spectral data between 5 - 29 pm.
Its 6.6 m primary mirror will be passively cooled below 50 K and the telescope will be
launched into the L2 orbit [41]. MIRI will provide low (R ~ 100) and medium (R ~
1500 — 3000) resolution spectroscopic observations and will be the coldest instrument on
the observatory at < 6.7 K [42]. MIRI is expected to produce observations of the evolution
of stars and planets at unprecedented sensitivities. However, it will not address the wide gap
in background limited observations at far-infrared wavelengths. Figure 1.7 illustrates the
spectral range and sensitivity of some current and proposed infrared missions and shows a
gap between the spectral range of JWST (5 - 29 um) and ALMA (300 pm - 10 mm) [29].
A space-based far-infrared observatory with an actively cooled, large mirror (increasing
sensitivity from Herschel) is necessary to bridge this gap. Figure 1.7 illustrates how a far-
infrared spaced-based mission, discussed in the next section, is the next logical step to study

the infrared universe.
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Figure 1.7: Image taken from [10] which shows a comparison of the sensitivity of current
and past infrared missions. SPICA SMI and SAFARI complement the JWST and ALMA
observatories.

1.4 SPICA SAFARI

Despite its success, the sensitivity of Herschel was limited by the fact that the telescope
was passively cooled and could only reach temperatures of around 85 K [43]. Recognizing
the potential immense improvement that could be gained with an actively cooled telescope,
even before the launch of Herschel, JAXA and ESA began studying a single aperture cryo-
genic telescope as a future mission concept. The Space Infrared telescope for Cosmology
and Astrophysics (SPICA) was selected as one of three finalists for the M5 call of the ESA
[10, 44]. In October, 2020, a decision was made by the ESA and JAXA to no longer con-
sider SPICA as a candidate mission. However, with SPICA being quite far along in the
selection process, the technology developed will be useful for any future far-infrared space
observatory.

The SpicA FAR-infrared Instrument (SAFARI) one of three scientific instruments on

SPICA shares several features with the SPIRE instrument on Herschel [45]. New develop-
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ments in detector technology utilizing superconducting transition edge sensor bolometers
have yielded noise equivalent power (NEP) measurements on the order of 10~ "W/ VHz;
an increase of sensitivity of two orders of magnitude over the detectors used on Herschel
[46]. The total NEP for a bolometer detector comes from several sources including: thermal
fluctuation noise, Johnson noise in the resistance, noise in the load resistor and amplifier,
excess electrical noise composed of shot noise and 1/f noise, and photon noise [47]. With
most sources of noise coming from the composition and fabrication methods of the detector
itself, advancements in technology have reduced these contributions significantly. Photon
noise, however, is a fundamental source that comes from the source itself due to the discrete
nature of photons. For a bolometer detector the NEP for photon noise is given by [47]:

NEP?2 4

photon = 4~ "3 yoef, [W?2Hz !l (1.15)

AQ (kpT;)> / f‘dx (1+ aef

e*—1 e —1
where AQ is the optical throughput, x = hv/kpTy, h is Planck’s constant, kg is Boltzmann’s
constant, ¢ is the speed of light, o is the absorptivity of the detector, and 7§, €, and f are
the temperature, emissivity, and transmissivity of the source. The derivative, dx, is propor-
tional to the spectral bandwidth, dv. A Fourier transform spectrometer (FTS) observes a
broad spectral band, large dv (dx), and because of this, photon noise will dominate the sen-
sitivity of the detector unless the bandwidth of radiation falling on the detector is reduced.
Restricting the bandwidth is the only meaningful way to reduce the photon noise since the
throughput should be maximized and every other parameter has been optimized. A disper-
sive element is needed and for the SAFARI instrument this was chosen to be a reflection
diffraction grating spectrometer.

The instrument concept that has been adopted for SAFARI is a Post-Dispersed Polar-
izing Fourier Transform Spectrometer (PDPFTS) [48]. While the principles underlying
the operation of the PDPFTS are well understood, to date an integrated system has never
been assembled and tested under cryogenic conditions. Our group is currently developing a

PDPFTS, an analog of SAFARI, to better understand the challenges that will be presented
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by this novel instrument. The results obtained from this system will be used to both inform
the design of SAFARI and investigate the challenges that arise. The PDPFTS incorporates
four modules: a source module consisting of a narrow line whose intensity and wavelength
can be superimposed on a variable continuum, a high-resolution polarizing FTS, a low-
resolution dispersing grating spectrometer, and a sensitive cryogenic bolometer detector. In
this thesis I will present the results from the testing and development of a cryogenic grating
spectrometer to be used as the post-dispersing module of the PDPFTS.

NASA’s 2020 Decadal Survey on Astronomy and Astrophysics recognized the observa-
tional gap occurring at far-infrared wavelengths between the spectral range of JWST and
ALMA [49]. In Chapter 7, section 7.5.3.3 titled: “A Far Infrared Imaging or Spectroscopy
Mission” the survey acknowledges the importance of a far-infrared probe mission to an-
swer many current questions in modern astrophysics. Furthermore, with SPICA being so
far along in the selection process, the path has already been laid out to achieving major
scientific advancements over the already successful Herschel. For these reasons, the survey
identifies a far-infrared space probe as one of the priority missions for the next decade. With
goals matching that of SPICA, a probe class mission will likely employ a similar instrument
concept to the PDPFTS. This gives the work in this thesis, and throughout our group, a new

sense of importance.
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Chapter 2

Diffraction Grating Theory

If you wish to make an apple pie from scratch, you
must first invent the universe.

Cosmos
CARL SAGAN

It was shown in the previous chapter that the sensitivity of modern infrared bolometer
detectors is limited by photon noise from the astronomical source when observing over a
broad spectral band. From equation 1.15, the only practical way to reduce the photon noise
incident on the detector is to restrict the spectral bandwidth of the radiation falling on the
ultra-sensitive detectors via some form of dispersion mechanism. The concept that was
developed for the SPICA far-infrared instrument (SAFARI) utilizes a diffraction grating
spectrometer to post-disperse the signal from a polarizing Fourier transform spectrometer
(FTS). This thesis describes the design, development, and verification of a diffraction grat-
ing spectrometer that was used to post disperse the signal from a room temperature polar-
izing FTS. In this chapter, the key equations that describe interference and diffraction will

be introduced and subsequently used in the design of the diffraction grating spectrometer.

2.1 Interference of Light
It is now understood from quantum mechanics that light behaves both as a wave and
a particle; the properties arising from the wave-nature of light will be discussed in this

chapter. The first observation of interference was in the form of Newton rings discovered

independently by Boyle (1627-1691) and Hooke (1635—-1703) [50]. Hooke advocated the
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wave theory of light and believed that light consisted of rapid variations which travelled
with a great speed and over large distances. Newton (1642—1727) went on to discover
the dispersion of white light through a prism into its constituent colours. Newton was
devoted to proving a corpuscular theory of light, however, he was never able to do this
definitively due to the dual nature of light. Huygens (1629-1695) had opposing beliefs
as he believed light behaved as a wave and argued that light propagated in the same way
as water waves on the surface of a pond or sound waves through air. He extended the
wave theory of light by postulating a principle named after him which states that every
point through which light propagates can be considered a separate source of a spherical
wave. These wavelets combine to compose the overall wavefront observed. Following these
theoretical descriptions, Young (1773-1829) demonstrated interference in 1801 through the
famous double slit experiment. Fresnel (1788—-1827) took Young’s result and combined it
with Huygen’s principle of wavefront construction to consider the deviations that occurred
when wavelets interfered with each other. These deviations are due to diffraction effects
within the propagating wavefront after encountering an obstacle. Fresnel studied the effects
of diffraction when light is incident on a straight edge and small apertures of different
geometries [50]. Much of what he discovered forms the basis of the modern theoretical
description of diffraction.

Light has been shown to exhibit interference effects when two or more coherent sources
of electromagnetic radiation are superimposed on one another. A physical source pro-
duces radiation which has a phase that varies rapidly with time, and in general, any source
will produce radiation that is completely uncorrelated and incoherent with another source.
Therefore, in order to observe interference effects, it is necessary to consider multiple
beams of light originating from the same source, ensuring that each beam is somewhat
correlated with the other beam(s). A higher degree of correlation leads to a more distinct
interference pattern being observed. Consider a completely monochromatic beam where

the intensity (time average of the energy per unit time per unit area) perpendicular to the
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Figure 2.1: Image taken from [51] depicting the interference between two monochromatic
plane waves with a wavelength of A. The spacing between adjacent interference maxima is
given by & = A/2sin®, where 20 is the angle between the two beams.

direction of energy flow is given by [50]:

1<r>=§\/§<E<r>2>, Wm2] QD)

where € and u are the electric permittivity and magnetic permeability of the medium through

which the wave propagates, and (E(¢)?) is the time average of the electric field squared:
Ai(F)e™™ + Ai(F)e™ . Vm] (22)

The index, i, identifies the individual components of the interfering beams. Xi(?) 1S a com-
plex vector, A; denotes the complex conjugate, and ® = Z;tf is the angular frequency of the

wave. In Cartesian coordinates:
Ai(F) = &ilax.(7) + ayi(F) + azi(7)] 7 [Vm™'] (2.3)

where a, ) ; are the amplitude coefficients, ki=2n /A is the wave propagation vector, 7
is the position vector, and é; is the polarization vector.

Consider two monochromatic coherent beams with propagating vectors k1 and k>, and
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polarization vectors & and é, as shown in figure 2.1. When these two beams with intensity

I and I are combined the resulting intensity becomes [50]:

I=01LH+5L+2VI
[Wm™2] (2.4)

= (E?) + (E3) +2(E|E,)

where /11, = (E|E;) is the interference term. For two beams which have complex ampli-
tudes A1 (7) and A, (7) [50]:

1 o . o )

—é1 (A1 (7)€_w)t +A; (?)e’“)’) -én (A2 (?)e—w)t +Ap (?)ezwt)

! [VZm™2] (2.5)
Zél -én (A1A26—210)t _{_lezeszt +ZIA2 +A122)

Taking the time average of the above expression causes the exponential terms to vanish and

the resulting interference term is [50]:

1 _
2V = 2<E1E2> = §<él ~éz> (A1 “Ay +Aq -Az)
[Wm™] (2.6)

= (é1-é)(ar1ax2+ay1ay0 +az1a;2)cosd

where 0 describes the overall phase difference between the two waves. This final expression
shows the dependence of interference on both the amplitude and phase of the combined
beams. For two monochromatic coherent beams linearly polarized in the £ direction, (é; -
é>) = 1, and traveling in the 2 direction [50]:

1,

1
I=5az,+ iaiz + @y, 1G4y COS D, [Wm™] (2.7)

which has a maximum amplitude when 8 = |2n7|, n € Z, and minimum amplitude whenever
d = |(2n+ 1)x|. The observation of successive maxima and minima as J is varied is called

an interference pattern. The resulting interference pattern is shown in figure 2.1.
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2.2 Diffraction Theory

Considering the principles of interference, diffraction is a straightforward extension.
in 1965, Richard Feynman pointed out that “no one has ever been able to define the dif-
ference between interference and diffraction satisfactorily. It is just a question of usage,
and there is no specific, important physical difference between them” [52]. Usually when
distinguishing between the two, one talks about diffraction when many sources interact,
whereas interference is usually only a few. Nonetheless, the theory of diffraction will be
discussed separately in this section utilizing the methods of Classical Electrodynamics by

Jackson [53].

2.2.1 Scalar Diffraction Theory

Early diffraction theories developed by Huygen’s, Young, and Fresnel relied on obser-
vations to drive approximations which described physical systems well. However, Kirch-
hoff (1824—1887) attempted a more rigorous approach deriving diffraction theory from first
principles [8]. The scalar approach starts by taking Green’s theorem for a scalar field within

a closed volume, V, that is bounded by a surface, S [53]:

2 2.0\ 3= oy  db
/v(q)v VY —yVao)d X—jg { E—\If%} da, [W] (2.8)

where a% is the partial derivative with respect to the outward normal of the surface. y(X) is

the scalar field with a harmonic time dependence, ¢/®, that must satisfy the homogeneous

Helmholtz wave equation:

) 1 92l
V2y(R)e® — c_ﬂ'@)% ~0 (2.9)
(V242 y(X) =0 [VW /m3]  (2.10)
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Sources

Figure 2.2: Sketch taken from [53] portraying different diffraction geometries in which
region I contains the radiation sources and region II is where diffraction occurs.

where k = @/c. The other function in equation 2.8 is denoted by ¢ = G(¥,x’) which is the

Green’s function that satisfies the inhomogeneous Helmholtz’ wave equation:
(V242 G(X, ) = —8(x,%). [m™3] (2.11)
Using these definitions, the LHS of Green’s theorem (equation 2.8) becomes:

| (GG (@) V2GR )aE

= [ [G(—k*y(@)) — (&) (-8(% %) —k*G)]d*%
V[( Y(X)) —w(E)(—8(x,x") )] T 212

= [ y(x"8((x,xd’x'
\%4

=y(X)

Combining this with the RHS of the same equation and defining #’ as the normal inward to

the surface, S, the expression for the scalar field is [53]:
Y(x) = 7{ [\p(x”)ﬁ’ﬁ’c;(x’,f’)—G(x’,x”)ﬁ’ﬁ’w(x") dd'. [vVW Im] (2.13)
S

The Kirchoff diffraction integral can be derived from the last equation by considering

: . . , L - kR,
the physical conditions. First, the Green’s function is taken to be G(X,x’) = f"ﬂ—ﬂ where

R = |¥—X’|. This represents an outgoing wave of radiation over infinite-space [53]. The
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normal derivative of this Green’s function is:

—
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Next, the surface S is divided into two sections, S; includes the screen and its apertures,
and S, which extends to infinity outside of S;. Figure 2.2 shows possible configurations
where region I contains radiation sources and region II contains the diffracted fields. In
S», radiation is outgoing from S; and therefore, in region II, y(X) must satisfy the general
condition of radiation: “the sources must be sources, not sinks, of energy. The energy
which is radiated from the sources must scatter to infinity; no energy may be radiated from

infinity into the prescribed singularities of the field” [54]. From this condition, the field is

of the form: y(¥) = éfr, and the radiation condition gives:
: ay . >
limr| =——iky | =0, [vW /m“] (2.15)
F—oo or

therefore, as r — oo, the integral in equation 2.13 goes to 0, and the contribution from S,

will vanish. The Kirchoff scalar diffraction integral is:

-

e [P () R
Vy+ik (14— | =yl dd, [VW /m] (2.16)

B s; 4nR.

Al
n -

Y(X) = R )R

which is integrated only over the surface, S, which includes the screen and its apertures.

2.2.2 Approximations

Equation 2.16 requires one to know the values of the scalar field and its normal deriva-
tive on S; which, in general, is not straightforward. Kirchoff formulated approximations

to these functions where he assumed y(X) and aa—i’ vanish on S; except at the apertures.
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Figure 2.3: Diffraction geometry for a source incident on an infinite plane at z = 0 with a
small aperture.

Furthermore, he postulated that the field and its derivative are equal to the values of the
incident wave. While these assumptions make the calculation much easier, they have been
found to be mathematically inconsistent. This stems from the Helmholtz and Laplace equa-
tions where if the scalar field vanishes for any finite surface on Sy, it must vanish every-
where, i.e. Y(X) = 0 at the apertures which directly contradicts the second assumption [53].
Proper Dirichlet or Neumann boundary conditions on the Green’s function can preserve the
consistency of Kirchoff’s scalar diffraction theory.

An important result arises when the screen is taken as an infinite xy-plane at z = 0 and
a point source is incident on its aperture as shown in figure 2.3. ¥/ represents the length of
source vector: X' = (x’,y’,7'), r" is the length of the image source vector which is placed at:

x" = (x',y',—7') in order to have Gp(X,x’) vanish at z = 0. For a point source described by

y(P') = A¢Y the scalar field at the observation point (P) is given by:

rl B
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eikr N =, . i 7 ,
y(P)=— A-|Vwy+ik| 14+ — | -y|da
s, 4nr kr ) r 517
1 lkr aw W7 , 1 eikr i\ A7 ) (2.17)
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[VW /m] (2.18)

From figure 2.3, the directions of the surface normal vector can be redefined. Recall #’ is the
inward normal to the surface, Si, making it equal to —A. Therefore, A’ -7 = |r|cos(m —0) =

—cos0 and A’ - 7' = |r/|cos©'. Incorporating this into the previous equation the result is:

A ikr ikr' .
y(P) = _ﬂ/ c ¢ / [(H—k )cose' (1—|—é) cosﬁ] da’. [VW /m] (2.19)
N

4m r r

When the source length, 7/, and observational length, r, are large compared to the wave-
length of light; i.e. 7/ > A and r > A, this equation can be further simplified. If the 1/r?
and 1/r/ ? terms are ignored this becomes the Fresnel-Kirchoff diffraction formula:

iAk eikr eikr’

_ - /I /
W(P)=—7 T (cos®’ —cos@)da’.  [VW/m] (2.20)

2.3 Fraunhofer Diffraction

Approximations of the scalar field and its normal derivative are necessary to solve the
complicated Kirchoff diffraction integral in equation 2.16. The Fresnel-Kirchoff diffraction
formula in equation 2.20 can be simplified further by taking a closer look at the terms inside
of the integral. This will be done using the methods outlined in Chapter 8 of Principles of
Optics by Born and Wolf [50]. The simplified diffraction theory will be applied to the study

of light passing through a rectangular aperture in this section.
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2.3.1 Fraunhofer Diffraction Integral

From equation 2.20, as the integration over da’ is computed, r + 7/, will change by a
large amount compared to the wavelength causing the phase factors /" and ¢ to oscillate
rapidly. These oscillations will happen much more quickly than the change in 6 or &' so
the term: (cos®’ — cos0) in the integral can be approximated as constant over the aperture.
Furthermore, the distances r and ' are much larger than the dimensions of the aperture and
will not vary appreciably as the integral is computed. They can be treated as constants and
are replaced by s and s’ where the source and observation points are now measured relative
to the origin of the aperture. Refer back to figure 2.3 for a visual representation of these
distances. With the distances constant, (cos®’ — cos 0) can be replaced by 2 cos & where & is
the angle between the normal of the aperture screen and the line connecting the source and

observation point. Under these approximations, the Fresnel-Kirchoff diffraction equation

becomes:

\lf(P)%—gcos’,6 / ¥ ) dal [VW /m] (2.21)
ss" Js,

Assuming the source point has coordinates: (x,,,,2,), and the observation point is at:
(x,y,z), for a point on the aperture with coordinates: (§,m,0) the two distances r and 7’ are

given by:

==+ (y-n)’+7

m?] (2.22)
2
P = (=8 + (o M) +2
Additionally, the distances s and s’ are expressed as:
=2y + 2
[m?] (2.23)

2
ST=x2 Y4
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such that:

rr=s* = 2(x€+ym) +n? + &
[m?] (2.24)
P’ =57 = 2058 +yom) +n?+E2

N and § are both within the dimensions of the aperture which is assumed to be much smaller
than the distances from the source and observation points to the aperture screen. Equation

2.24 can be computed as a power series in §/s, /s, /', and /s’

oy 5t &4n? (E+ym)?

~ + “ e
s 2s 2s3
[m] (2.25)
g — Xo§ + YoM 4 &+n’ _ (0§ +yom)* T
- s 2s’ 243

Substituting this back into the integral from equation 2.21 the result is:

; ] d < 2,02 £2,.2 2 (Evem)2
W(P) ~ _lAke’k(SH) cosﬁ/ eik(fxéty”fx"i?”"ﬁ 5 ,(X~§2+S,\3n) ,(o&;?;n) ) 4o
21 ss' Js,
[VW /m] (2.26)
Defining the directional cosines as: I, = —x, /s, | = x/s, m, = —y,/s’, and m = y/s the

argument of the exponential becomes:

A xbtyon  E4n?  &4m? (G (xe§+yon)”

s s/ 2s 2s’ 283 2473 Tt
(2.27)
7 o 1 11 2 2\ (lo§+moﬂ)2 B (l§+mﬂ)2
~ o= D5t O —mn 5 | (5 45 ) @ ) - L5 ).
[m] (2.28)

These relationships make the integral in equation 2.26 much more straightforward to solve.
Two cases naturally come about from the power series: where quadratic terms can be ne-
glected this is known as Fraunhofer diffraction; when they cannot be neglected this is called

Fresnel diffraction. Fraunhofer diffraction is applicable when the source and observation
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points tend to infinity. It is shown in Optics by Born and Wolf [50] that the Fraunhofer
condition applies also when the plane that incorporates the point of observation is parallel
to the plane of the aperture. The final form of the Fraunhofer diffraction integral is given

by:

y(P)=C | e kit gedn, [VW/m] (2.29)
N

where p=1—1, and g = m —m,.

Appendix A presents experimental results of diffraction taken with near-infrared (1550
nm) light through various aperture geometries. The measured diffraction fields showed a
strong agreement with the field predicted by the Fraunhofer diffraction integral in equation
2.29. The next section below will use equation 2.29 to compute the diffraction through a

rectangular slit.

2.3.2 Single Slit
Fraunhofer studied apertures of different geometries and this section focuses on rectan-
gular apertures and the slit. The Fraunhofer diffraction integral for light passing through a

rectangular aperture is given by [50]:
a . b .
wP)=C [ etrrag [ eman, [VW/m]  (2.30)
—a 7b

where the dimensions of the slit are 2a x 2b and the slit is centered about the origin, (&,1) =
(0,0). The slit geometry is illustrated in figure 2.4 (a). C is the amplitude determined by the
position of the source and observation point, k = ®/c for the wave, and p and g are specified
by directional cosines. [,m,n and l,,m,,n, are the directional cosines for the observation

point and incident ray; p = 1 — [, and ¢ = m — m, for Fraunhofer diffraction [50]. The
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(a)

Figure 2.4: Geometry for a single rectangular aperture (a) and a wavefront incident on a
transmission diffraction grating comprised of successive rectangular slits (b).

integral in the above equation can be evaluated as:

a S
—zkpﬁ.d _ —ikp€ |a
[ e = e,

— k_ [_efikpa +eikpa]
p [m] (2.31)

1
= @%sin(kpa)
_ 2sin(kpa)
=

A similar result is obtained for the second integral and the 2-D intensity distribution can be

expressed as [50]:

ED

1) = 1w(p)P= s (

sin(kpa) ) 2 (sin(kpb

2
tra ko )> . [Wm™2] (2.32)

where E is the total power incident on the aperture, D = 4ab is the aperture area, and X
is the observation distance. The intensity equation is the sinc(x) = % function squared

which is illustrated in figure 2.5. It is seen that the intensity produces minima, or dark
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L sinc?(kpb)
~ (kpb)?

_ sinc?(kpa) —
~ (kpa)?

Figure 2.5: Fraunhofer diffraction through a rectangular aperture as described in equation
2.32. The intensity function is governed by the sinc?(x) function which has minima at

X=nm,nc7.

fringes, when kpa = nm and kpb = mm, (m,n = 1,2,3...). The intensity distribution has a

principal maximum at kpa = 0.

2.3.3 Multiple Slits

The procedure for calculating the intensity distribution due to diffraction through a sin-

gle aperture, or slit, can be generalized to a system with many slits. Consider a screen of

N similar apertures of arbitrary geometry aligned parallel to each other and spaced evenly

in 1 dimension. This system is illustrated in figure 2.4 (b) for a few slits. The Fraunhofer

diffraction integral becomes:

N .
W(P) =wo(p) Y e P
n=0 [VW /m] (2.33)
1— e—lkNdp

= \IIO(p) | — g—ikdp
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where d is the spacing between each aperture and

Yo(p) =C | F(&)e *P5qE, [VW /m] (2.34)

S1 1is the geometry of the aperture. The intensity can be calculated in the same way as in

equation 2.32:

_ o—ikNd _ pikNd
1(6) = 10 )= 00(0) P o=
_ 1 — cos(Nkdp)

=l(p) 1 —cos(kdp)

B sin(Nkdp/2)\*

=00 (Gt )

[Wm™2] (2.35)

Ip(p) is the effect of diffraction from a single slit while the term on the RHS is the effect
of interference from many slits. Substituting in equation 2.32 for Ip(p) the result can be

written as:

_ SE (sin(ksp/2)\* [ sin(Nkdp/2)\? )
I(p >_M{2( ksp/2 > <sin(kdp/2)) ;o Wm™](236)

which represents the intensity distribution for a 1-dimensional transmission diffraction grat-
ing. Section 2.5 will discuss how this relationship can be easily derived by using a Fourier
transform to compute the transmission through the grating. Figure 2.6 shows the two func-
tions plotted separately and the resultant distribution due to both effects. The minima of the
function plotted in (c) are observed when kdp/2 = m, where p =1 — 1, = sinf3 —sino. o is
the angle that the incident ray makes with the normal of the screen and 3 is the angle mea-
sured from the surface normal of the ray after it passes through the aperture. The conditions

of maximum interference occur when:

sinf3 —sina, = mj?»’ [11 (2.37)
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where m is an integer. The above expression is known as the diffraction grating equation

and is used extensively in the design of the grating module.

2.4 Diffraction Grating

A diffraction grating is an optical structure that consists of an array of reflecting or trans-
mitting diffracting elements that are separated by a distance comparable to the wavelength
of incident light [50]. The principle of the grating was discovered in 1785 by Rittenhouse
(1732-1796) and was later rediscovered by Fraunhofer in 1819 who used a diamond rul-
ing point to cut periodic grooves onto a glass surface. Rowland (1848—-1901) improved
this method and was able to rule 140,000 grooves/inch to create a grating structure with
a resolving power of ~ 150,000. Michelson (1852-1931) was able to construct gratings
with resolving powers around 400,000 [50]. Modern gratings continue to be manufactured
using diamond ruling points to cut grooves and reflection gratings often use an aluminum
substrate. Aluminum has high reflectivity and provides less wear on the diamond point
since it is a softer metal. Furthermore, aluminum has well-known properties at cryogenic
temperatures and is used in many other optical components and their mounts. Therefore,
fabricating the grating out of aluminum also helps to minimize differential contraction of
the grating module.

Used alone, a grating provides low-resolution spectroscopic capability. When used in
conjunction with a high-resolution spectrometer (e.g. Fabry-Pérot, FTS) the grating serves
to restrict the spectral bandwidth falling on the detector. Consider a grating composed of N
uniformly placed slits each with a width of s, length of L, and separated by a distance of d,

the Fraunhofer diffraction intensity distribution is given by [50]:

_ SE (sin(Nkdp/2)\* (sin(ksp/2)\? _
1 )_M{z<8in(kdp/2)) ( ksp/2 ) - W] @39)

The maxima of this function are observed when p = sinot—sin 3 = ’%7‘, (m=0,£1,£2,...).
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Figure 2.6: Figure (a) is the RHS term of equation 2.35 describing the effect of interference
from multiple slits. Figure (b) is the intensity distribution due to the light diffraction through
a single slit; the sinc? (x) function. Figure (c) shows the entirety of equation 2.35 which is
the combination of (a) and (b). All functions have been normalized [50].
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In a diffraction grating spectrometer, d, is not configurable after fabrication and m is deter-
mined to avoid spectral overlap. When a broadband source is incident at an angle o, the
light will be diffracted at different angles, 3, depending on the wavelength.

Conditions of maximum interference for the diffraction grating occur when:

m\ = d(sino+ sinf), [m] (2.39)

where m is the order of diffraction. This is the well-known diffraction grating equation
which is central to the grating design. The sign difference between equation 2.37 and equa-
tion 2.39 occurs because equation 2.39 applies to a reflection grating whereas equation 2.37
corresponds to the light transmitting through the diffraction elements. The path difference

between the light reflecting from adjacent grooves of the grating can be expressed as [55]:

dsino+dsin B, [m] (2.40)

where o is the angle of incident light measured from the grating’s normal, d is the spacing
between adjacent grooves and 3 is the angle that the diffracted light makes with the grating
normal. As was mentioned above, for a reflection grating, 3 is measured in the opposite
direction to the normal of the grating, i.e. [ is negative. This relationship is evident from
figure 2.7.

Gratings are often coupled with auxiliary optics forming imaging systems. Several grat-
ing configurations exist including the Littrow mount, double and triple monochromators,
etc. The configuration adopted for the grating spectrometer in this thesis was the Czerny-
Turner monochromator which is illustrated in figure 2.7. In this configuration, the grating

equation can be written as:

m\ = 2d(sin(0 — ¢) cos o), [m] (2.41)

40



2.4. DIFFRACTION GRATING
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Figure 2.7: The Czerny-Turner monochromator configuration [4]. « is the incident angle,
B is the diffracted angle, M; and M, are mirrors with focal lengths r and 7. w & w” are the

widths of the entrance and exit slits [57].
where ¢ is the deviation angle and © is the angle of incidence minus the deviation angle

[56]. The relationship between the angles a, 3, 0, and ¢ is:

o=0-+
¢ [rad] (2.42)

B=0-9

When a collimated broadband source is incident on the grating, light of wavelength A
is diffracted at an angle [ in the first order, m = 1. However, there will also be light with
a wavelength A/2 which is diffracted at the same angle [ in the second order, m = 2, and
light with wavelength A/3 diffracted at  in the third order, etc. This is an example of
overlapping spectra, as shown in figure 2.8, and can be an issue if the free spectral range

(FSR) of the grating allows overlap of these diffraction orders. The FSR is the minimum

wavelength range that can be achieved such that the superposition of light from adjacent
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Figure 2.8: Overlapping of wavelengths of light that are diffracted at different orders. An
order sorting mechanism is needed because the detector cannot distinguish between multi-
ple wavelengths of light [55].

orders is not observed, FSR is expressed as:

A
B, = Ahpsg = ZL [m] (2.43)

where Ay is the lowest wavelength the system is interested in and AArgg is the minimum
wavelength range to avoid observing overlapping spectral orders.
An important property of the diffraction grating is the dispersion which describes the

change in diffracted angle per unit wavelength:

D_d@_m 1
d\ dcosP’

[rad m™!'] (2.44)

where D is the angular dispersion of the diffracted light [55]. The linear dispersion can be
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found by taking the product of the angular dispersion and the exit focal length, 7’

mr 1

L=""
d cosf’

[1] (2.45)

which describes the change in distance at the observation plane as the wavelength varies.

2.4.1 Resolving Power

One of the most important performance considerations for the grating spectrometer de-
veloped in this thesis is the ability of the spectrometer to spectrally resolve an incident

source. The chromatic resolving power of a grating is given by:

A

R=—
AN

[1] (2.46)

where AA is the limit of resolution, or resolution. While there are several definitions of
spectral resolution, the one used in this thesis is Rayleigh’s criterion. Rayleigh stated that
for two adjacent fringes of equal intensity to be resolved, the maximum of one coincides
with the minimum of the other [58]. For a diffraction grating, the resolution depends on
the size and positions of the entrance and exit slits as well as image magnification from the
optical components.

The imaging properties of the grating system can be characterized by comparing the
convolution of the image of the entrance slit with the exit slit. The resolution is optimized
when the image width of the entrance slit is equal to the width of the exit slit [55]. As
light passes through an entrance slit, it forms an image of the slit that will be magnified
differently in the horizontal and vertical directions. The vertical magnification is known as
anamorphic magnification. In this thesis, the rectangular slits are over-sized in the vertical

direction to avoid excessive anamorphic magnification. The tangential magnification of the
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width of the entrance slit is given by:

w ' cosa

Xr = [1] (2.47)

w  rcosp’
where w' is the width of the image of the entrance slit, w, is the width of the entrance slit,
and r is the entrance focal length [55]. This equation can be used to determine the width
of the image, w’ and tangential magnification is illustrated in figure 2.9. The resolution is
optimized when w” and w' are equal. When w” is less than w/, the exit aperture blocks light
from reaching the grating. Contrariwise, when w' is greater than w’, the exit slit is too wide

and the resolution is not optimized. The instrumental bandpass of the spectrometer can then

be defined as:

/! /
d
Al — max (w',w') _ dwcoso, (m] (2.48)
L mr

where L is the linear dispersion from equation 2.45, however, equation 2.47 was used to
express L in terms of cos o and r instead of cos 3 and . max(w”,w’) refers to the maximum
between w” and w'.

The bandpass defined in equation 2.48 can be used to model the resolving power limited

by the exit and entrance slit widths:

Y
=B max(w )
mixlqur' W) 1] (2.49)

~ dcosp max(w”’,w')

This definition will be used to model the theoretical resolving power of the diffraction
grating. For the grating designed in this thesis, the exit slit width was chosen to match the

image of the entrance slit width at the center of the band. Therefore, the resolving power
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W

Figure 2.9: Diagram showing tangential magnification from a source that is diffracted by
a slit of width, w. The magnification can lead to a reduction in the width of the image as
shown in the picture but it can also lead to an enlargement in certain cases. Taken from

[55].

will be split up into two cases:

Amr / "
forw' <w
R={ dveos 1] (2.50)
ﬁgw, fOI' W/ > W”

2.5 Grating Efficiency

When observing faint sources, such as in infrared astronomy, it is important that as
much light as possible is diffracted into the order of interest. The shape and orientation
of the grooves of a grating have a significant impact on its efficiency. Most of the energy
in a diffraction pattern is concentrated in the zeroth order of interference. This is the case
when the incident angle is equal to the diffracted angle and the light follows the laws of
reflection; no diffraction occurs. This order is not useful for spectroscopy because there
is no dispersion of wavelengths so it is advantageous to shift light from the zeroth order

and concentrate it into the order of interest. The grooves can be shaped to maximize the
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efficiency of a reflection grating through a process known as blazing. The blaze angle of

the grooves can be determined by solving the blaze condition:
mA = 2dsin0p, [m] (2.51)

where Op is the blaze angle measured between the grating plane and the face of the groove
which is labeled in figure 2.7. The grating grooves are machined into a sawtooth profile
with the identified blaze angle. The grating in this thesis was designed with a blaze angle
to achieve a maximum efficiency at the band center.

Recall the intensity distribution for light passing through a single slit:

_ ED (sin(kpa) 2 sin(kpb) 2 )
I(p)_mz( o ) ( o ) Wm™?] (2.52)

The intensity is proportional to the area of the slit, D, because a larger slit allows more
light to pass through. It was shown above that the slit-limited resolving power is inversely
proportional to the width of the slits. Thus, increased resolving power comes at the cost of
a decrease in efficiency. In my design, the target resolving power was R ~ 100 at the center
of the band and the slit widths were chosen to maximize the throughput while achieving
this target. The next sections derive a physically accurate intensity distribution for a blazed

reflection grating to better understand the efficiency trade-offs.

2.5.1 Intensity Distribution for a Blazed Reflection Grating

As was mentioned at the beginning of this section, the method of blazing a grating is
commonly employed to concentrate more light into the diffraction order of interest. There-
fore, it is useful to have a theoretical model for the diffracted intensity distribution of a
blazed reflection grating. This section will use the methods outlined in: On the Intensity
Distribution Function of Blazed Reflective Diffraction Gratings by Casini and Nelson [59]

who expand on the methods outlined by Gray [60] which are discussed in Appendix B.
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Figure 2.10: Diagram showing the profile of the diffraction grating grooves and the geom-
etry of the incident and diffracted light. Image taken from [59].

Casini and Nelson remark on the difficulty of defining the proper illumination of the
slit which is not a simple function of the slit width and slit spacing as in the case for the
transmission grating. Consider a grating blazed at an angle 6 with light incident at an angle
o and diffracted at an angle § as shown in figure 2.10. The illumination of the triangular

slit is given by the distance a = P’Q’ which is found by using the Law of Sines:

PQ _ P/ Ql

sin(90 —B) ~ sin(90 — 6 + B)
PQsin(90 —B)

PQ= sin(90 — 65 + ) [m] (253)
T PQCOSC(Og(—BéB)
The distance PQ is found in a similar way:
PQ d
e _:C ()2 _ Sincfzg(;)eB o [m] (2.54)
cos(o.— 0p)

The path differences between the incident and diffracted rays are shown in figure 2.10
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as SQ — TQ which are defined by:

SQ—TQ =PQsin(a.— 6p) — PQsin(65 — B)
cos(Q)
cos(o.—6p)

[m] (2.55)
[sin(ot — 6p) —sin(6p — P)]

Thus, the overall phase difference for light with wavelength A incident between points T

and P is:

2nd  cos(o)

0(6z) = A cos(o—6p)

[sin(o. — Op) — sin(Bp — B)] [rad] (2.56)

The phase difference vanishes when oo — 05 = 0 — P, or: o.+ [ = 20, which is just another
way to define the blaze condition of maximum efficiency. This phase difference describes
the dephasing of a ray being diffracted from the origin of a single slit. Each additional slit

adds a phase retardance equal to:
2n
0= T(SQ+QM+MN) [rad] (2.57)

Again, using the Law of Sines to determine the distance QM, the result is:

QM d
sin(0p) sm(?O -0+ ) m] (2.58)
OM = dsin(6p)
~ cos(ot—0p)
From the geometry in figure 2.10 an expression for MN can be found:
MN + TQ = QMcos(a — B) (2.59)
[m] (2.60)
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Substituting all of the above relationships into equation 2.57 the expression becomes:

_2n B dsin(0p) B
0= x [(SQ TQ)+—COS(a_eB) +QMcos(a—B)
_2n cos() P B dsin(0p) B
= {d—cos(a—eg) [sin(o.—6p) —sin(0p — B)] + cos(a—05) [14cos(o—B)]
= % [cosocsinoccos 0 + sin” oLsin O + cosasinBcosOp + sinocsinBsinGB}
= % [cos(at— B)(sino+ sinB)]
= ?(sina—ksinﬁ)

[rad] (2.61)

The final result is the grating equation which was derived earlier in equation 2.39.

Now that the geometrical approach has been shown to return the expected result in
terms of the phase retardance predicted by the grating equation, the theory can be extended
to determine the efficiency of the grating. Appendix B discusses the derivation of the trans-
mission function for a simple line grating, which is given in equation B.5. A similar deriva-
tion can be used to determine the “transmission” function for a blazed reflection grating
where the diffracted light is reflected rather than transmitted. Additionally, the geometry
is complicated so it is important to define the actual illumination of each slit accounting
for shadowing of the grooves. For the blazed diffraction grating the transmission function,

G(&), is given by [59]:

G(§) = a(8) *1114(S)BL(S), [1] (2.62)

where a(&) is the window function associated with the illumination of each groove having
a width a as defined in equation 2.53. I11,;(§) is the periodic sampling function associated
with the groove spacing, d, and Bz (§) is the unit box function defining the total length of
the grating, L.

For a blazed grating, the function a(&) will be complex because of the dephasing intro-
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duced by the slope of the grooves. This overall dephasing term is given by [59]:

AB(E) = {q’(eB) — %} E-8), [rad] (2.63)

a

where ¢(0p) is the phase difference across the diffracted wave, defined in equation 2.56,
and O is the phase retardance due to each slit as give in equation 2.61. Taking this phase
shift into account, the window function becomes: a(&) = B4(£)e'2®(®), where B, (E) is the
unit box function of width a and the phase term appears in the exponential.

The next step is to take the Fourier transform of the transmission function which yields

the spectral response of the grating:
T <eiAe(E*’)Ba*HIdBL) —F (e"Ae(g)Ba> X [F ()« F (B)] [1] (2.64)

The symbol, *, denotes the convolution operator which quantifies the overlap between two
functions. Casini et al. derives the Fourier transform in equation 2.64 and note that the
intensity distribution function is proportional to | F (G(£))|? [59] . The intensity envelope
of the diffracted wavefront is determined by the transform of the first term squared which

1s found to be [59]:

1B) =< |7 (¢*°®B,) P
2

Substituting equation 2.56 for ¢(6p):

ntd cos(ot)

I(B) = sinc? (m

[sin(ot — Op) — sin(0p — B)]) [1] (2.66)

This intensity corresponds to constructive interference only when the grating equation,

0= %(sina + sin) = 2mm, where m is the integer representing the order of diffraction.
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Substituting this relationship into the above equation yields:

I(B) = sinc? (Sin ocnfsinB Cosc(:;sgeB) [sin(oL— 6) — sin(6p — [3)])

= sinc? _MCOs% cosOp —sinOp cot “+p
cos(o.—0p) 2

[1] (2.67)

The final expression is the normalized intensity distribution function of the diffracted wave-
front. This expression returns a normalized function which depends on the incident and
diffracted angle of the light.

The intensity distribution function in equation 2.67 is a scalar approach to modelling
the efficiency response of a diffraction grating. However, this model does not consider the
effects of polarization which is a vectorial property of the electromagnetic field. In general,
the diffraction efficiency of a blazed grating will depend strongly on the polarization state of
the incident light [55]. When the incident light is linearly polarized parallel to the grooves
on the grating (p-polarized), the diffracted power is expected to be lower than when the light
is polarized perpendicular (s-polarized) to the grooves [55]. When coupled to a polarizing
FTS, it is thus favourable to orient the output to be s-polarized to exploit the polarization
sensitivity of the grating. To better understand the relationship between polarization and
diffraction efficiency, it was necessary to construct a theoretical model. In 2020, Germer
developed an interface written in Python3 [61] called pySCATMECH which utilizes a C++
class library called SCATMECH [62]. pySCATMECH can be applied to model the interac-
tion of light with a blazed diffraction grating using rigorous coupled wave, RCW, analysis.
The program computes the diffraction efficiency of a blazed grating for p-polarized and
s-polarized light separately.

Figure 2.11 shows the polarization sensitive efficiency models compared with the scalar
model from equation 2.67 which was normalized to equal the maximum of the s-polarized
curve. All three models use the groove spacing (312 um), blaze angle (39.4°), and wave-

length range (285 - 500 um) of the grating designed for this study, which is described in
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Figure 2.11: Diffraction efficiency for the blazed grating described in this chapter. The
scalar curve (blue) was computed using equation 2.67. The p-polarized curve corresponds
to light which is linearly polarized parallel to the grating grooves and the s-polarized is
linearly polarized perpendicular to the grooves. Both polarization-dependent efficiency
curves were computed using pySCATMECH [62].

detail in Chapter 3. The pySCATMECH models also required the optical properties of the
grating substrate which was fabricated from aluminum 6061. The optical properties of alu-
minum at far-infrared wavelengths were taken from [63] who modeled the skin depth of
aluminum to be around 100 nm at 500 pm. While equation 2.67 for the scalar intensity
distribution does not depend directly on the wavelength, A, the angles of incidence o and
diffraction P are determined from equation 2.39 which does depend on A. The curves show
that there is a much higher efficiency expected for S-polarized light and these models will
be compared with experimental results in Chapter 5.

The next chapter uses the theoretical background presented in this chapter to establish
the design specifications of the diffraction grating. Additionally, the design of a monolithic

module is presented which mounts the grating and its coupling optics within the cryostat. I
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will discuss the relevant considerations taken to successfully operate the spectrometer at 4

K. The next chapter will also discuss the optical design of the grating spectrometer.
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Chapter 3

Grating Spectrometer Design

As far as the laws of mathematics refer to reality, they
are not certain, and as far as they are certain, they do
not refer to reality.

ALBERT EINSTEIN

This chapter will discuss the development of a diffraction grating spectrometer operat-
ing at cryogenic temperatures, ~4 K. The discussion will begin with the design of a blazed
reflection grating and follow with the design and implementation of a monolithic aluminum
enclosure to house the optical components within the cryostat. Cryogenic considerations
of the design will be discussed as well as the overall optical setup which required a cou-
pling between room temperature sources and a polarizing Fourier transform spectrometer
provided by Blue Sky Spectroscopy Inc. [73] to the cryogenic grating and the bolometer

detector [72].

3.1 Diffraction Grating Design

The first component designed and manufactured was the aluminum blazed reflecting
diffraction grating. The constraints of this design were to operate over a far-infrared wave-
length range which matched the existing test equipment, e.g. detector, sources, high-
resolution spectrometer, and was chosen to be from 285 - 500 um. The next constraint
was to achieve a resolving power of ~ 100 at the center of the band (392.5 um).

The grating equations in the previous section were used to design the diffraction grat-

ing proposed for the post-dispersed polarizing Fourier transform spectrometer (PDPFTS).
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The grating height, D, was pre-determined to match the beam diameter from the camera
mirror which is 50 mm wide. The entrance and exit focal lengths were constrained by the
available space within the working volume of the cryostat. The deviation angle was chosen
to incorporate a vertical offset from the grating to the detector. The optics were based on
a previous system designed by Veenendaal who used a cryogenic diffraction grating spec-
trometer to order sort the output from a Fabry-Pérot interferometer [64]. The specifications
of the grating design that met the above requirements are presented in table 3.1.

The diffraction order, m, was chosen using equation 2.43 where the range of the grating
is 285 - 500 um. This corresponds to a spectral range, AApsg = 215 um, and A; = 285 um.
The grating must operate in an order less than or equal to the FSR ratio between AApsg
and Ay to avoid overlapping of spectral orders. Ultimately, it was found that: m < 1.33,
and since m is an integer it was constrained to be 1. The length of the grating is 105 mm
so that it can rotate 360° in the enclosure. A trade-off existed between the groove spacing,
d, and the width of the entrance slit, w, because from equation 2.50, the resolving power
is inversely proportional to both quantities. However, w also restricts the throughput of
the system so it could not be too small such that a large fraction of the radiation was lost.
Additionally, the groove spacing could not be too small that it resulted in manufacturing
difficulties. With these considerations in mind, d, was manufactured to be 312 um while
the width of the entrance slit, w, was chosen to be 5.0 mm. The exit slit width, w”, was
chosen to match the image of the entrance slit width, w’ at 392.5 um using equation 2.47 to
calculate the image width. The equation returned an image width of 4.02 mm, and due to
availability of milling cutters, the as-built exit slit has a width of 4.0 mm.

The theoretical slit-width limited resolving power for this grating was predicted to vary
between 69—-180 over the wavelength range of 285-500 pum using equation 2.50 as shown in
figure 3.1. The full-width half-maximum (FWHM) of the grating profiles is also shown on
the figure and was calculated using equation 2.48. The bandpass depends on the maximum

width between the image of the entrance slit and the exit slit. The image of the entrance slit
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Table 3.1: Specifications of the grating spectrometer designed to operate over 285 - 500
um.

Parameter Value
Grating width, W 105 mm
Grating height/Beam diameter, D 50 mm
Order of diffraction, m 1
Slit spacing, d 312 ym
Deviation angle, 2 ¢ 15°
Entrance focal length, r 310 mm
Exit focal length, 1/ 310 mm
Entrance slit width, w 5.0 mm
Exit slit width, w” 4.0 mm
Blaze angle, 6p 39.4°

width is greater than the exit slit width until the center of the band (where they were chosen
to be equal) after which the exit slit is the dominating width. Consequently, this is seen as
a kink in figure 3.1. The experimental data that will be presented in Chapters 4 and 5 will

be compared to this theoretical model to assess the performance of the grating.

3.2 Cryogenic Considerations

When designing an instrument to operate at cryogenic temperatures it is important to
have an understanding of how it will cool from room temperature to < 4 K. Conductive
heat transfer describes the rate in which heat flows from a warm, solid object to a cold
object by direct molecular contact [65]. For solid materials, heat energy is transferred via
electrons and lattice vibrations. The transfer via electrons dominates for highly conductive
solid materials because the same conduction electrons that carry electric current also are
responsible for transferred energy. Therefore, metals which are good electrical conductors
tend to have higher thermal conductance as well. The rate of conductive heat flow through

a solid material can be described by the Fourier heat conduction law [65]:

dTr
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Figure 3.1: The theoretical resolving power (blue; left axis) calculated from equation 2.50
with the slit widths given in table 3.1. The full-width half-maximum (red dashed line; right
axis) of the grating profile at each wavelength is superposed. The kink in the middle of the
graph corresponds to the point where the grating becomes limited by the width of the exit
slit rather than the image of the entrance slit.

where k(T') is the temperature dependent thermal conductivity of the material, A is the
cross-sectional contact area, dx describes the thickness of the interface, and d7 is the tem-
perature difference between the two objects. The thermal conductivity is a complicated
function that depends strongly on the material composition and its purity. In terms of com-
monly used metals, high-purity, oxygen-free copper has one of the highest thermal conduc-
tivities, followed by alloys of aluminum and brass, and stainless steel, respectively. Another
important quantity to define is the heat capacity, C(T ), of an object which is the amount
of heat energy, Q, required to raise the temperature of the object per unit temperature [65].
The specific heat capacity, ¢(T'), expresses the heat capacity per unit mass and, in general,
is a temperature dependent quantity. the amount of heat required to change the temperature

of an object is thus given by:

= mc(T)dT, Ul (3.2)
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Figure 3.2: CAD rendering of the test facility cryostat (TFC) utilized in this thesis. Image
taken from [66].

where m is the mass of the object in kg.

The test facility cryostat (TFC) used in this thesis is shown in figure 3.2 and was de-
signed by Veenendaal in his MSc thesis [66]. Two Cryomech PT415 pulse tube coolers
provide a cooling power of 1.5 W each at 4.2 K. The cryostat consists of rectangular cuboid
chambers enclosed in a stainless steel outer vacuum chamber (OVC). The first inner cham-
ber is covered with 12 layers of insulating sheets to decrease radiative heat transfer from
the OVC. Inside this module, is another rectangular chamber which contains the working
volume (580 mm x 480 mm x 250 mm) of the cryostat. The working volume achieves a
temperature around 4 K [66]. The working surface consists of a flat, square plate (4 K plate)
which is composed of oxygen-free high-conductivity copper coated with a thin (5 um) layer
of gold to further increase thermal contact conductance through the surface. Instruments
are designed to mount onto the 4 K plate using a rectangular grid of M3 helicoil inserts
distributed across the surface.

Although the 4 K plate has been manufactured to optimize heat transfer, the thermal
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Figure 3.3: Thermal contact conductance as a function of temperature for various materials
and joint types. Image taken from [67].

contact conductance depends on how the instrument mounts to the plate. Contact conduc-
tance represents the thermal conductivity between a solid-solid interface. This is a com-
plicated function which depends on the composition of the two materials, the method of
joining them, the surface properties (cleanliness, roughness, etc.), the temperatures of the
two materials, etc. For this reason, theoretical models serve only as a guide to performance
experimental results are the main method of characterizing contact conductance. Figure 3.3
shows a collection of thermal conductance measurements for a variety of solid interfaces
being attached by solder, varnish and grease, and applied forces. Soldered joints typically
produce the highest conductance being followed by varnish and then pressed joints. In
terms of mounting an instrument to the 4 K plate, this is done by applying a clamping force
to press the instrument into contact with the plate. From figure 3.3, the conductance values
that best represent this method of contact are the gold-gold pressed joints with forces of

490 N (50 kg ) and 98 N (10 kg ) which range from ~ 0.05 WK™ at4 Kto ~ 5 WK™ at
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room temperature. By comparison, the thermal conductivity of a mass made of aluminum
6061 ranges from 5.4 WK~! at 4 K to 156 WK~! at 300 K.

There has been extensive research to determine an empirical relationship between the
force in a pressed joint and the thermal contact conductance as a function of temperature
[67—-69]. However, with so many variables that influence the contact conductance, it is un-
likely for experimental data taken by another group to apply to our system. While numerical
estimations carry a high degree of uncertainty, they are nonetheless useful in predicting the
thermal performance of a cryogenic system. With bolted joints, it has been found that the
conductance is strongly dependent on the tightening torque (clamping force) applied on the
bolt and also the number of bolts acting on the joint [68, 69]. Thermal contact conductance
is much less dependent on the area of the bolt head because there is only a small area under
the bolt which makes a substantial molecular contact to allow the transfer of heat. Stainless
steel M3 bolts in helicoil inserts were tested to determine the maximum torque that could
be applied before the insert or bolt failed. In these tests, it was determined that the bolts
failed at 2.3 N m for insert lengths of 4.5 mm, 6 mm, and 7.5 mm. Based in these values, an
operating torque of 1.0 N'm was chosen to provide a safety margin. This torque corresponds
to a maximum clamping force of 1600 N for a single bolt on the 4 K plate.

There have been a few experiments which are of interest to our application. One of these
was a series of tests completed by Schaellig and Seidal [69] where they aimed to determine
the contact conductance between a pressed joint of gold-plated copper and aluminum. They
completed measurements in a temperature range of 8 - 100 K where they found a relation-

ship between the contact conductance and the temperature and force applied [69]:

k(T)=4.21 x 1076715940893 WK1 (3.3)

where T is the contact temperature and F' is the force applied. Schmitt et. al. [70] performed
a different experiment measuring the contact conductance between bolted sections of gold

plated copper and determined a relationship between conductance and temperature without
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Figure 3.4: Comparison of the thermal contact conductance with varying applied forces.
The solid curves are data extrapolated from figure 3.3 for a gold-gold contact [67]. The
dashed lines was generated using a formula described in [69] for a gold plated copper -
aluminum interface with data collected between 10 K and 100 K. The dashed line is taken
from Schmitt [70] for an interface with two sections of gold plated copper bolted together
with an unknown force.

knowing the clamping force of the joint [70]:

k(T)=0.1161T"1111, WK™l (3.4)

The empirical relationships in equations 3.3 and 3.4 were compared with data from
figure 3.3 from a gold-gold contact with a force of 98 N (10 kg) and 490 N (50 kg). The
comparison is shown in figure 3.4 which shows slight agreement between all three sources.
However, it should be noted that equation 3.3 was only tested for applied forces between
12 N and 50 N and has been used for forces significantly outside of the known range of
validity. It should also be noted that the relationship between thermal conductance and

force exists similarly for conductance and contact area. The large area of contact between
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two surfaces, the greater the heat flow. This is associated with an increase of force because
a larger force helps to increase contact area within a joint and increases the heat transfer
rate as per equation 3.1.

With so much uncertainty in the contact conductance values, experimental results are
relied on heavily. Figure 3.9, which is presented later in this chapter, shows the temperature
curve of the previous grating enclosure (red) and the temperature of the 4 K plate during the
same cooldown. As is shown, there is a significant delay ~ 2 hours between the cooldown
of the 4 K plate and the grating enclosure. For the new enclosure, the goal was to decrease
this lag by a factor of 2. In a crude approximation, assume the grating enclosure starts at a
temperature of 50 K and the 4 K plate is at a temperature of 10 K - which are roughly the
same values shown in figure 3.9. The heat energy required to remove from the grating to

cool it from 50 K to 10 K can be calculated using equation 3.2:

Q = me(T)dT

50K
= 2.70kg / 107T) 01 (3.5

= 7948

where f(T) = a—blog,o(T) + clog,o(T)* +dlog,o(T)> +elog,o(T)* + flog,o(T)?

+-glogo(T)® + hlog,o(T)” +ilog,o(T)? and the coefficients have been experimentally de-
termined in the NIST Research Library [71]. Therefore, in order to reduce the cooldown
time from 2 hours to 1 hour, the heat transfer rate needs to be ¢ = 7948 J /3600 s = 2.2
W. From equation 3.1, the rate of heat flow can be determined by solving an integral from

T=10KtT=50K:
g=—— k(T)dT. (W] (3.6)

The integral can be numerically computed and will return a different result depending on

the model used. Equation 3.6 also depends on the thickness, d, of the interface, which is
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not straightforward when considering an instrument with a complicated geometry. For this
simple approximation, a thickness of 8 mm was assumed which represents the thickness of
the base of the grating module. Aluminum has a high thermal conductivity, it is assumed
that the heat transfer within the monolithic enclosure is nearly instantaneous and will be
ignored. The integral in equation 3.6 was evaluated for the different contact conductance
models shown in figure 3.3 and returned values ranging between 2.44 W m™! for the small-
est thermal conductance and ~ 204 W m™! for the largest. Equation 3.6 was rearranged to

solve for the contact area required to obtain a heat flow rate of ¢ =2.2 W :

0.008 x 2.2
50K
ok S(T)dT

[m?] (3.7)
=86.3x 10 t07.23 x 1073

Thus, it was determined that the contact area required is estimated to be between 86.3 mm?
and 7230 mm?. This range gave a broad baseline target and helped to drive the design of

the monolithic enclosure.

3.3 Grating Enclosure Design

The design of the grating spectrometer extends the work of Veenendaal et al. [64] who
developed a cryogenic post-dispersed grating to order sort the output from a Fabry-Pérot
interferometer. In the new design, the grating is mounted in a monolithic aluminum housing
on a pivot driven by a cryogenic stepper motor through worm gear reduction. The incident
collimated beam is reflected by a fold mirror onto the grating which disperses the radiation
onto a 15° off-axis parabolic mirror, which brings diffracted light to a focus on the exit
slit of the spectrometer located on the feedhorn of a 0.3 K composite bolometer detector
[72]. A schematic of the monolithic enclosure that houses the grating is shown in figure
3.5. Improvements from the previous design include: a monolithic grating enclosure (teal);

a larger diameter filter (50 mm) (brown); a new diffraction grating (yellow) that features a
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Figure 3.5: Cut-away view of the prototype grating spectrometer CAD model. See text for
details.

plane mirror mounted to the rear side (red) free to rotate 360°; and a retractable baffle (blue)
that blocks stray light within the grating enclosure from reaching the detector. The new 50
mm windows have customized low-pass optical filters with a cut-off frequency of 58 cm™!.
A thermal filter is mounted at the interface between the 4 K and 0.3 K enclosures. The exit
slit (pink) is mounted on the feedhorn of a 0.3 K composite bolometer detector (gold). The
cryogenic stepper motor (orange) drives the worm and gear system and rotates the grating
around the axis indicated by the black arrow. The grating assembly is clamped to the 4 K

baseplate of a test-facility cryostat [64].

3.3.1 Grating Rotation

The SPICA far-infrared instrument concept consisted of four diffraction gratings which
distribute the signal from a Martin Puplett FTS across different spectral bands of interest.
Each grating module was to disperse light onto a 3x294-element array of transition edge
sensors [74]. Since I did not have access to a detector array, by necessity my design required
that the grating be able to rotate to change the angle of incidence (diffraction) to measure
wavelengths across the band using a single detector.

Moving components at cryogenic temperatures are typically avoided because of the
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Figure 3.6: Monolithic grating module provided by Blue Sky Spectroscopy Inc. [73]. The
enclosure was manufactured by ASDAC C.N.C. Machining LTD.

risks associated with mechanical stress induced by thermal contraction and expansion dur-
ing cooling and heating cycles, and unwanted thermal dissipation. However, there exist
reliable technologies that have been specifically developed for cryogenic applications. The
rotation mechanism of the grating is described in [64] and utilizes a Phytron VSS 32.200.1.2
stepper motor [75] to drive a 60:1 worm and gear train. The motor is able to provide a step-
ping resolution of 0.03° with an additional microstepping mode that produces step sizes
of 0.001875° (1/16 of the full step mode). Most of the results presented in the following
chapter are collected in 0.06° increments and produced sufficient data points across the

wavelength range of the grating.

3.3.2 Cryogenic Considerations

The monolithic grating enclosure was provided by our industrial partner Blue Sky Spec-
troscopy Inc. Figure 3.6 shows an image of the module when it was first received. The out-
side of the enclosure is highly reflective to reduce absorption and minimize thermal loading.
The inside surfaces were subsequently coated with epoxy and sprinkled with carborundum
particles to decrease reflectivity and increase absorptivity of the inner surfaces which serves

to reduce stray light from reaching the detector. We adopted the method which was devel-
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oped to coat optical components on the Herschel Space Observatory [85]. Care was taken
to ensure carborundum particles did not fall into unwanted areas. For example, the square
pad where the mirror bracket mounts needs to be flat to ensure sufficient thermal contact
and also alignment of the optical axis. This area was taped over as shown in figure 3.7 (top)
as were all of the tapped holes within the module. The final product is shown in figure 3.7
(bottom). Another important consideration for the epoxy application was the window into
which the incident light enters the module. Epoxy was also applied close to the edge of the
entrance window to reduce light being scattered by the aperture. This is the most vulnerable
area for introducing stray light.

The monolithic design and choice of material of the enclosure helped to maintain align-
ment (e.g., gear drive and optics) as the system is cooled to cryogenic temperatures. The
retractable baffle (blue) and shield (green) in figure 3.5 are necessary to prevent stray light
inside the cryostat from reaching the detector. The baffle mounts to the rear of the shield
and radiation travels from the 15 °© OAP, through the baffle, and into the detector. As was
discussed in section 3.2, required contact area to achieve a heat flow rate of 2.2 W was es-
timated to be between 86.3 mm? and 7230 mm?, depending on the model used for thermal
conductance. The bottom of the monolithic enclosure was designed with three extruded
square pads to serve as a three-point contact. Each pad has a surface area of 625 mm? for
a total of 1875 mm? from all three. Slots were designed into the sides of the enclosure for
clamps to hook onto and apply a clamping force to increase the contact area of the pads
with the 4 K plate. There was a concern that this contact area would not be sufficient to
cool the grating enclosure optimally so a copper bracket was designed and mounted onto
the outside of the enclosure. The design aimed to optimize the conductance between the
bracket by incorporating as many bolts within the space available. 4 M3 bolts are used to
attach the bracket to the module and then 2 M3 bolts attach the bracket to the 4 K plate.
Figures 3.16 and 3.8 show images of the entire module mounted on the 4 K plate of the

TFC.
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Figure 3.7: Image of the grating enclosure taken during the epoxy-carborundum paste ap-
plication to the lower surface depicting the tape that was used to ensure the epoxy was
applied only to certain areas (top). Overview of the grating enclosure after the coating
application was complete (bottom).
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Window cover
with fiber slot

Figure 3.8: Image of the grating module showing the window cover with a slot for the
optical fiber encoder, the cryogenic Phytron stepper motor, the baffle tube extending from
the grating shields to the detector, and the clamps increasing the contact area between the
enclosure and the 4 K plate.

Figure 3.9 shows a comparison between temperature curves measured with the previ-
ous grating module (red) and the new monolithic module (green). The temperature delay
between the monolithic grating module and the 4 K plate of the TFC is almost negligible
indicating there is a strong thermal contanct conductance between the two systems. The de-
sign worked much better than expected and has proven that the monolithic grating enclosure
will cool to 4 K much faster than the previous design.

Once the module was assembled, it was mounted in the cryostat as shown in figure 3.8.
A chopped signal from a blackbody source was fed into the grating without a slit and the
grating was rotated 360° to determine if there would be any issues with stray light. The
first scan measured with the grating is shown in figure 3.10 (blue). There were some signal
peaks identified as reflections from the top of the grating, bottom of the grating, negative
and positive first order spectra, zeroth order (grating as a mirror), end of the grating saddle,

and the back of the grating. It is critical that the stray light is mitigated when the grating is
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Figure 3.9: Temperature cooldown curves for the previous grating enclosure (red) and the 4
K plate (blue) compared with temperature curves of the new monolithic enclosure (green)
and 4 K plate (black) during a recent cooldown.

operating in its useful range (m = +1). The zeroth order might reflect stray light within the
module that could make its way to the detector, however, this is not something that can be
eliminated. The other possible sources of stray light were the bottom and top of the grating
and the edges of the saddle. To reduce the reflection off of the top and bottom, aluminum
brackets were made and coated with the same epoxy-carborundum mixture as was used
in coating the inside of the monolithic enclosure. Another bracket was constructed for
the edges of the saddle and attached using varnish. The carborundum coated brackets are
shown in figure 3.11. With the brackets added to the grating, the scan was repeated and the
result is shown in figure 3.10 (red). Clearly the epoxy-carborundum is effective in reducing
reflectivity in the far-infrared and these caps will be useful in mitigating contributions of

stray light.

3.3.3 Rear Mounted Mirror

The derivation of the diffraction efficiency for a blazed reflection grating was discussed

in Chapter 2. This is a complicated function to model as the polarization-dependent effi-

69



3.3. GRATING ENCLOSURE

1.0

B Zeroth order l
0.8 — —— Without brackets —
—— With brackets

2 Back of
= 06— .
5 Back of grating
2 . m = -1 order

| grating ]
2 04 ( _
=]
4

Grating top m=+1 order Grating bottom
Saddle edge

| \ \
00 0 100

300

200
Grating Angular Position (deg.)

Figure 3.10: Full rotation of the grating mounted in the new enclosure with a blackbody
source. The blue curve represents the first measurement taken with the new system and
the red curve is the measurement after carborundum-coated brackets were applied to the
grating top and bottom and the edges of the saddle.

ciency requires a vector electromagnetic theory of diffraction. While these models provide
a means to approximate the efficiency response, they do not account for imperfections in
the surface of the grating. While there are groups who publish efficiency measurements
with various diffraction grating geometries, the grating used in this study was custom-made
and the efficiency could not been characterized prior to receiving it because that would
require cryogenic deployment of the grating along with an extensive suite of test kit. We
devised a simple method of determining the grating efficiency by mounting a mirror on the
rear of the grating saddle as shown in figure 3.12. When the system is coupled to an FTS
and the mirror is inserted into the optical path, a single measurement of the entire band is
obtained which serves to calibrate the efficiency of the grating as a function of wavelength.
The mirror is mounted as close to the plane of the grating as possible, however there is a
small offset introduced by the mount of the mirror. This results in the flat mirror having to
be oriented at a slightly different angle to direct incident light to the detector as shown in

figure 3.13. A ray tracing simulation was completed to determine the optimal angle that the
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Figure 3.11: Image of the carborundum-coated brackets applied to the ends of the grating
and the edges of the saddle.

mirror should be oriented so that the system is most efficient. The optimal angle was found
to be at 15.62° from vertical (as opposed to the 15° deviation angle) and the efficiency was
92.6% computed using FRED ray tracing software [76].

The diffraction grating as fabricated was 105 x 50 mm. However, when the mirror
was in the position as shown in figure 3.13 (bottom), the grating blocked some of the beam
traveling from the OAP to the detector. A decision was made to cut 5 mm off of the 105 mm
length of the grating so that the mirror measurements were possible. This only impacted the
results at the large incident angle (long wavelength) end of the grating range as the beam
did not reach the edges of the grating at shorter incident angles. Using simple geometry,
the vertical height of the beam along the grating is equal to the beam diameter, 50 mm,
divided by cosa, where o is the angle between the incident light and the grating normal.

Therefore, the angle where the beam starts to illuminate past the cut-off edge was found

. 50mm
to be: Ssmm

=cosa = 0.526... . oo = 58.2°. An incident angle of 58.2° corresponds to a
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Figure 3.12: CAD rendering of how the mirror will be rotated to calibrate the efficiency of
the grating as a function of wavelength.
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Figure 3.13: CAD model showing the offset of the flat mirror to the axis of the grating and
how that will affect the optimal angle of the mirror.
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wavelength of 479 um using the grating equation 2.41. For this reason, in Chapter 4 and
5, the grating performance will be verified over the wavelength range of 285 — 479 um to

avoid reductions in the resolving power.

3.3.4 Fiber-fed Encoder

When operating instrumentation inside of a cryostat (especially with moving parts) it is
important to consider ways of troubleshooting the instrument. For the grating spectrometer,
once the system is cooled to 4 K, there is no way to visually determine if the grating is
actually rotating when the stepper motor is actuated. The source, detector, and grating
modules must all be working properly in order to verify the grating is moving as expected.
Using a source that emits radiation which is invisible to the human eye makes this situation
even more complicated. Therefore, a method was needed to determine if the grating was
rotating without having to rely on the other components. To solve this, an optical fiber
encoder was designed to mount on the worm gear bracket inside the monolithic enclosure
as shown in figure 3.14. A custom encoder wheel was designed, fabricated and fastened to
the end of the worm wheel shaft which rotates as the shaft turns.

Two optical, single-mode fibers are mounted onto a small bracket which is bolted to
the worm/gear bracket and is held into place with a set screw. The other end travels up
through the 4 K enclosure of the cryostat to a room temperature (~290 K) section where
a photodiode connects to one fiber and a 645 nm LED connects to the other. The red
optical light travels through the fiber and is directed towards the encoder wheel where it is
reflected by either the polished copper surface or the black painted surface. The contrast in
the reflection of the two surfaces creates an oscillatory signal which will change amplitude
if the shaft is moving.

Measurements of the encoder signal are shown in figure 3.15 for two full rotations of
the worm shaft. Since there is a 60:1 gear reduction value between the worm gear and the

grating, this represents an angular movement of 12° for the grating. Each 6° movement of
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Figure 3.14: Image of the grating enclosure showing how the optical fiber and encoder
wheel are mounted. The fiber fits through a slot in an aluminum bracket which has a set
screw that holds it in place. The wheel is glued onto the shaft of the worm screw.

the grating corresponds to a total of 16 minima and maxima of the encoder signal which
gives an angular resolution of 0.375°. This is sufficient to determine whether the gear shaft
is moving, although it does not account for the case of the grating drive shaft slipping on
the worm. We found this design to be easily retrofittable and relatively inexpensive. This

device worked from its first implementation and has proven to be a useful diagnostic tool.

3.4 Optical Setup

This section describes the optical configuration used to measure the resolving power of
the diffraction grating. Three stages of measurements were taken: the first was coupling

the room temperature source directly into the grating and passing through the cryogenic
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Figure 3.15: Signal from the photodiode measuring the signal reflected off of the encoder
wheel. This measurement was taken over two full rotations of the wheel.

entrance slit and the second and third passed the source through a room-temperature po-
larizing FTS before coupling with the grating. The second configuration produced a col-
limated beam from the polarizing FTS into the grating spectrometer (4 K). The third and
final configuration was realized by changing the exit optic of the polarizing FTS so that it
focused through the cryogenic entrance slit and into the grating spectrometer.

The first and third configurations utilizing the cryogenic entrance slit had the cryogenic
components mounted as shown in figure 3.16. The CAD rendering in figure 3.17 shows the
same components with more visibility and a model of how the radiation passes through the
system. A focused beam passes through the entrance slit towards the f/6 15° OAP mounted
on the pendulum baseplate. The 15° OAP collimates the light towards a flat mirror which
reflects the beam towards the pendulum mirror. The pendulum redirects the light through
the 58 cm™! low-pass filter and into the grating spectrometer.

Alignment of this system had to be completed at room-temperature so that components

within the cryostat could be adjusted. For the first configuration without the FTS, a bright,
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Figure 3.16: Image of the grating module mounted to the 4 K plate of the TFC. This config-
uration shows the entrance slit followed by the optics which feed a collimated beam through
the low-pass filter and into the grating spectrometer.

white LED was placed at the entrance slit and a thin matte window was placed in front
of the LED to scatter the light and create a Lambertian source. The light then continues
along its path as outlined in the previous paragraph and the flat mirror mounted to the rear
of the grating is positioned in the optical path such that the light is reflected to the {/6
15° OAP and imaged onto the exit slit on the detector. Components were then adjusted to
ensure the image of the entrance slit was centered on the detector and that the light was not
cut-off at any component. This alignment within the cryostat was not expected to change
substantially as the system cooled to 4 K because the majority of components are made
from aluminum and will contract at the same rate.

The final configuration utilized the polarizing FTS and cryogenic entrance slit. This was
the most difficult system to align because the vertical and horizontal position of the FTS
was critical in ensuring the beam was not sheared inside the cryostat. The FTS, however,

is a massive structure (0.6 m x 0.7 m) welded from 0.5 thick aluminum and is not easily
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Figure 3.17: CAD model of the optical components within the 4 K chamber of the test
facility cryostat. Light is incident into the cryostat window, passes through the entrance
slit, and is collimated by an {/6 15° OAP. The collimated beam is reflected by a fold mirror
towards a pendulum mirror which feeds the grating spectrometer window. Inside the spec-
trometer, the beam reflects off of the right angle mirror towards the diffraction grating and
is focussed onto the detector via a second f/6 15° OAP. The exit slit is mounted to a filter
which sits on the face of the detector.

adjusted. A CAD rendering of the optical components inside the TFC and the FTS mounted
beside is shown in figure 3.18. Care was taken to ensure the table that the FTS sits on was
level and at a height such that the ports of the FTS were centered vertically on the windows
of the TFC which the entrance slit is centered on. A visible laser was then placed at the
input of the FTS and approximately cenetered. The path of the laser was traced through the
FTS optics and through the entrance slit within the TFC. The light was then imaged onto
the exit slit of the detector with the grating rear-mounted mirror in place of the grating.
An /6 90° 100 mm OAP was used as the exit optic of the FTS to feed light through the
entrance slit and onto the f/6 15° OAP mounted on the pendulum bracket. The 90° OAP
had adjustability in the pitch, yaw and axial translation of the mirror. With the laser at the

input of the FTS, the OAP was adjusted to ensure the light passes through the center of all
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Figure 3.18: CAD model of the optical components within the test facility cryostat coupled
to the polarizing FTS provided by Blue Sky Spectroscopy Inc. [73] which operates at
room-temperature. The path of the radiation is shown in red.

the optics. The vertical height of the windows and entrance slit within the TFC are expected
to shift as the cryostat is cooled to 4 K, however, this should be small enough to account
for using the adjustments on the 90° OAP in the FTS. After the system was cooled, the
alignment was repeated using a blackbody as the input source and adjusting the 90° OAP
to achieve the maximum signal at the detector with the mirror in place of the grating.
Chapter 4 will discuss the experimental equipment used for the grating verification mea-
surements. Results will then be given from the first configuration with the source being di-
rectly coupled through the cryogenic entrance slit and into the grating spectrometer. Chap-
ter 5 will detail the integration of the room-temperature polarizing FTS and results will be
given from the second configuration where a collimated beam was output from the FTS and
the third configuration which incorporated the FT'S and cryogenic entrance slit as shown in

figure 3.18. Spectral response functions of the grating for different wavelengths of incident
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light will be presented as well as a verification of the resolving power across the wave-
length band for all three configurations. Chapter 5 will also present results collected with a
blackbody source and a diffraction efficiency analysis as a function of both wavelength and

polarization.
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Chapter 4

Verification of the Grating
Spectrometer: First Results

It doesn’t matter how beautiful your theory is, it
doesn’t matter how smart you are. If it doesn’t agree
with experiment, it’s wrong.

RICHARD P. FEYNMAN

This chapter presents the first steps used to characterize the performance of the diffrac-
tion grating spectrometer as an individual instrument. The equations driving the design
of the grating were discussed in Chapter 2 and the specifications of the grating as manu-
factured were detailed in Chapter 3. There were three optical configurations used to test
the performance of the grating. The first configuration used a monochromatic source to
study the spectral response of the grating individually while the second two configurations
incorporated a room-temperature polarizing Fourier transform spectrometer (FTS). The re-
sults from the grating used without the FTS will be given in this chapter. A description of
the testing apparatus will be outlined including the source module, cryogenic detector, and
the signal acquisition and processing equipment. Results will be presented from using a
monochromatic source to measure the spectral response of the grating operating in a cryo-
genic test facility. Chapter 5 will then discuss the integration of the grating spectrometer

with the polarizing FTS.
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4.1 Test Equipment

The measurements taken with the grating spectrometer required a large suite of addi-
tional equipment. This included a tunable monochromatic line source and a heated filament
producing continuum emission, a cryogenic, composite bolometer detector operating at
~ 300 mK, and a custom low-noise pre-amplification module which acquired, filtered, and
amplified the signal measured by the detector. These components will be described in the

following section.

4.1.1 Source Module

As was discussed in Chapter 1, to produce realistic synthetic astronomical spectra the
source module should consist of a narrow-band line source (spectral feature) and a broad-
band emission (continuum). Generating pseudo-monochromatic radiation at far-infrared
wavelengths (terahertz frequencies) is not straightforward. In his Master’s thesis, Makiwa
reviewed the various methods which can produce narrow-band terahertz radiation and dis-
cussed the benefits and drawbacks of each system [77]. The method that was adopted
to meet the requirements of the system and proved to be the most cost efficient was the
photomixer. A photomixer module was purchased for work done by a previous student,
Veenendaal, who used the photomixer as a source of terahertz radiation to validate the per-
formance of a cryogenic post-dispersed Fabry-Pérot interferometer [64]. The photomixer
was purchased from Toptica Photonics and operates over a broad frequency range (~ 0.1 —2
THz), has a moderate power output (10 uW at 500 GHz), and easily integrates with com-
mercially available photonics equipment [78].

The working principle of a photomixer is fairly straightforward. Two near-infrared
lasers, slightly detuned from a central frequency combine to form an optical beat (hetero-
dyne) signal with a frequency equal to the difference frequency between the lasers. There-
fore, setting this difference to lie in the THz regime results in the production of THz radi-

ation. This is a relatively new technology, only being realized experimentally in the 1990s

81



4.1. TEST EQUIPMENT

[79]. The actual photomixing module is composed of a p-i-n layered photodiode in which
an intrinsic (absorption) layer is sandwiched between p-doped and n-doped regions. The
photodiode is composed of indium-galium-arsenide, Ing 53Gag 47As, a semiconductor mate-
rial commonly used in optical fiber communications. The band gap energy of this material
is 0.75 eV [80] which corresponds to a photon with a wavelength of 1.65 um. Any photon
with an energy (wavelength) equal or greater (less) than the band gap energy can therefore
excite the material and produce electron-hole pairs within the junction. One of the most
commonly used frequencies in optical communications is 1.55 um which occurs within the
C-band and happens to be a perfect fit for this device. Working at this frequency helps
to drive the cost down as off-the-shelf diode lasers and optical components can be pro-
cured which are relatively inexpensive compared to similar products operating in different
wavelengths.

The electric field generated by the beat signal from the two combined lasers is given by:
Eper = Ere™ ™1 4 B0 [Vm!] @.1)

where the first term represents the contribution from the first laser with an angular frequency
1 and the second is from the second laser with an angular frequency of m,. The intensity

of the beat signal is:

cne,

2
& |E}  E} E; E3
:an—o 7‘+7]cos(m1t)+72+72cos(m2t+q))

Dpear = [|E 2cos?(2011) + | Ea|*cos? (2wat + ) + 2E; - Ex cos(o;t) cos(mnt + 0)]
+E;-E;(cos (0 + )t + ] 4 cos [(01 — )t + 0])

- Il + 12 +Ibeal+ +Ibeat—
[Wm™2] 4.2)

where c is the speed of light, €, is the electric permittivity in vacuum and # is the refractive
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index of the medium. I and I, are the intensities of each laser beam, Ip.4+ is the inten-
sity of the term with frequencies added, (®; + @), and e, — is the heterodyne term with

frequency (®; — @;). The power can be calculated from the intensity as:

Pbeat — / (Il +12 +Ibeat+ +Ibeat7) dA
[W] (4.3)

= P} + P, +2y/mP P, (cos [(®1 + @)t + @] + cos [(0] — )t + 0])

where P; and P, are the powers of each laser and m is a factor called the spatial-mixing
efficiency which measures the degree of overlap between the incident beams. When this
power is incident on the photomixer, electric current will be generated and modulated at a
frequency of |®; — ®;|. The term with frequency (®; + ®;) will have an insignificant effect
on modulating this current because the instantaneous power is oscillating at a frequency
much greater than can be registered by the photodiode; the carrier recombination time is
much slower than the rate at which the amplitude oscillates. Therefore, this term can be

ignored and the power registered on the photomixer modules is given as:

Ppm =P, + P+ 2+/mP; P> cos [(0)1 — (1)2)1‘ —l—(b] W] (4.4)

The actual power output of a photomixer based on the p-i-n diode configuration is a
much more complicated function of the material properties and antenna geometry. Chapter
2 in Makiwa’s thesis calculates the optical heterodyning efficiency and finds the output

power to be equal to [77]:

$(VsGo)*Ry

[1+ (0t)][1+ (wR.C)?] (W] (4.5)

Pry; =

This equation is based off of the assumptions that the voltage across the photomixer has a

harmonic time dependence and that the device operates in the small signal limit, GoR4 <<
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1. VpGy is the bias voltage, Vp multiplied by the DC conductance, Gy which, when multi-
plied, is equal to the DC photocurrent. Ry is the photoconductive resistance in the antenna,

0=|0; —w

, C 1s the capacitance of the diode, and T is the charge carrier lifetime. From
this equation it is evident that the output power of the photomixer is proportional to the
square of the bias voltage and DC conductance and is inversely proportional to the car-
rier lifetime. Therefore, it is preferential to bias the circuit with a larger voltage, construct
a substrate with a short carrier lifetime (thin material), and increase the DC conductance
by having a high carrier mobility within the substrate. Even when optimizing all of these
parameters, the conversion efficiency reaches a maximum of about 107>, resulting in an
output power in the order of microwatts. Still, this is an acceptable penalty given the com-
pact nature of the device allowing ease of integration.

Figure 4.1 shows the working principles of the InGaAs photomixer. Two fiber-fed near-
infrared lasers are combined with their output creating a beat pattern with an envelope fre-
quency chosen to be in the terahertz regime. The beat signal is incident on the p-i-n junction
via a waveguide which couples the radiation into the intrinsic layer through the evanescent
component of the electromagnetic waves; a highly efficient method. Electron-holes pairs
are created because the energy of each near-infrared photon exceeds that of InGaAs and a
bias voltage is applied to the junction to sweep the charge carriers, creating electric current.
Unable to respond to the high laser frequency, the current oscillations follow the envelope of
the combined wave corresponding to frequencies in the THz regime. When the oscillating
current is coupled to an antenna structure, this produces free-space THz electromagnetic
waves [79]. The photomixer purchased from Toptica Photonics features a bow-tie antenna
which outputs linearly polarized light and can operate over a large frequency range. A hy-
per hemispherical silicon lens sits adjacent to the photomixing module allowing the focus
to be placed 22.3 + 1.2mm behind the face of the lens which facilitates mounting of the de-
vice. The output from the lens is a cone of radiation with a wavelength-dependent 12°-15°

opening angle. However, at the wavelengths used in these results, the device always has a
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Figure 4.1: Diagram showing the operating principles of the InGaAs photomixer module.
The actual size of the bow-tie antenna is 100 um, much smaller than the 25 mm diameter
silicon lens. The photomixing module consisting of the p-i-n junction is even smaller than
the antenna and is shown accepting the combined light from lasers 1 and 2 with wavelengths
A1 and A,. Each photon has enough energy to surpass the bandgap of the InGaAs intrinsic
layer and produce electron-hole pairs which separate into the n- and p-doped layers. V4
and V_ correspond to the bias voltage applied across the junction.

15° output angle.

In addition to the line source, a heated element will be used to study the performance
of the PDPFTS with a broadband input. The blackbody used in the first FTS configuration
was a Scitec IR-12 radiating element consisting of a coiled resistance wire which has a
high emissivity at infrared wavelengths[81]. The element is mounted on an aluminum
block creating a more uniform temperature ~1200 K with an input power of 10 W at 5 V.
The emissivity of the element is ~0.8 and the heated area of the source is 3.5 mm x 3.5 mm
which produces a sufficiently powerful source when coupled to the FTS. In the second FTS
configuration incorporating the cryogenic entrance slit, continuum emission was produced
by a commercially available silicon carbide igniter. The ignition element is a rectangular
cuboid (5 mm wide x 30 mm long x 2 mm thick) which achieves an emissivity > 0.7 at

infrared wavelengths [82] and reaches a temperature around 1500 K. The next section will
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describe the composite bolometer detector used in this study.

4.1.2 Bolometer Detector

Thermal infrared bolometer detectors have been used in infrared astronomical spec-
troscopy for decades [83]. They differ from heterodyne detectors because they measure
power and, consequently, do not retain information about the frequency or phase of inci-
dent radiation. Therefore, spectral information about the source must be encoded before
reaching the detector by passing through some type of interferometer. Bolometric detec-
tors couple well to an FTS which produces an interferogram that can be mathematically
transformed into a spectrum [84]. Radiation incident on the bolometer absorbing element
causes a temperature change which can be measured via a thermometer. The relationship
between the power of the incident radiation and the corresponding temperature change in
the detectors absorbing element is dependent on its specific heat capacity, which should be
as low as possible to maximize its frequency response [72].

The composite bolometer detector used in this study was developed by Gom [72].
The detector is composed of a nuclear transmutation doped germanium-gallium element
mounted on a sapphire disc and figure 4.2(a) shows the working principles of a bolome-
ter detector. Incident radiation is absorbed by the sapphire disc which has a relatively low
specific heat capacity (1.356 x 10~ JK~' mm™). The incident radiation produces a heat
load, Q, in the bolometer element and the bias current, /, adds additional heat to the system
represented by P =1 2Rpo1 Where Rj, is the resistance of the bolometer. Thus, the total heat

flow from the bolometer element to the heat sink is given by W = P+ Q [72]. The dynamic

dapP

thermal conductance, G; = T

is the rate of heat flow induce by a change in the bolometer
temperature with a constant Q. From figure 4.2(b), Ry, varies with the temperature of the
element, 7', and a bias voltage, Vj;.s, is applied across the load resistor, Ry, which produces

a bias current, /. The signal of interest induces thermal fluctuations in the bolometer el-

ement which is returned to an electrical signal by measuring the voltage drop across the
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Figure 4.2: Schematic taken from [72] portraying the thermal (a) and electrical (b) working
principles of a bolometer detector.

bolometer, V,,; [72].

The bolometer element is suspended in an integrating cavity and mounted within an
f/3 Winston cone (feedhorn) which couples incident radiation into the cavity. An image
of the detector is shown in figure 4.3 where the copper cylinder shown is the exterior of
the feedhorn. The detector is mounted to a bracket that is thermally linked to a 0.3 K dual
stage “He:*He:*He closed cycle refrigerator [72]. The exit slit of the grating spectrometer
is shown mounted to the face of the bolometer along with a 35 cm™! thermal filter which
helps to de-load the detector and restrict the spectral bandpass so that the detector is not

measuring multiple spectral orders of radiation from the grating.
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Figure 4.3: Image of the composite bolometer detector within the 0.3 K chamber. The exit
slit and thermal filter are shown mounted to the face of the feedhorn. The 58 cm™! filter in
the image was replaced by a 35 cm™! filter for the measurements in this thesis.

Since a bolometer is sensitive to radiation of all wavelengths, it is important to reduce
the background signal as much as possible while maximizing the efficiency of the source
coupling [72]. As was discussed in Chapter 3, the exit optic of the grating spectrometer is
an /6 15° OAP which was chosen due to available space within the cryostat. The detector
is a faster optic (more divergent) so its field-of-view will be substantially larger than the
f/6 mirror which feeds the signal of interest. To mitigate this, a retractable baffle was
constructed to block stray light outside of the signal path from reaching the detector. A
shield was also constructed to enclose the spectrometer optics and the interior of these

components were coated with epoxy and carborundum to absorb and scatter stray light

[85].
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4.1.3 Signal Acquisition

Now that the source module and detector have been described, the next module to dis-
cuss are the instruments responsible for acquiring and processing the measured signal. A
block diagram of the acquisition process is shown in figure 4.4. The photomixer (or black-
body) source is placed at the focus of the external optics which feed the grating spectrom-
eter within the cryostat. An optical chopper driven by a Stanford Research Systems SR540
controller [86] is placed close to the face of the source and serves to modulate the signal
at a known frequency. The chopped (modulated) signal is fed into the grating spectrometer
and into the bolometer detector. A state-of-the-art low-noise differential pre-amplifier de-
scribed in [72] measures the signal from opposite sides of the symmetric bolometer element
in a fully differential configuration to eliminate common-mode noise. The differential AC
signal is measured by a Stanford Research Systems lock-in amplifier (LIA) [87] which uses
phase-sensitive detection to single out the component of the input signal which matches the
frequency and phase of the reference. In this application, the reference signal is provided
by the synchronous output of the SR540 chopper controller so that the LIA is only mea-
suring the frequency component corresponding to the chopped signal. The LIA outputs a
DC signal which is proportional to the signal amplitude and is converted to a digital signal
using a Measurement Computing USB-1808X analog to digital converter, ADC [88]. The
computer receives a digital input from the ADC and the data are able to be analyzed.

The working principle of the LIA is to filter out any unwanted noise components. The
benefit of using a phase-sensitive detection loop is that the signal of interest can be singled
out within a very narrow bandwidth. The amplified, filtered AC signal is multiplied by
the reference signal using a phase-sensitive detection loop which outputs two signals with
angular frequencies of (®, — ;) and (®, + ®;), where ®, is the angular frequency of the
reference and ; is the internal lock-in frequency. The outputs are then passed through a
low-pass filter which discards all components other than the DC which corresponds to the

case where ®, = ®;. This DC signal then becomes the output of the LIA and represents the
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Figure 4.4: Block diagram of the components used to acquire a signal with the grating
spectrometer. Radiation produced by the THz photomixer passes through an optical chop-
per which modulates the signal and directs it towards the grating spectrometer to be mea-
sured by the bolometer detector. The electronic signal from the detector is boosted by the
low-noise differential pre-amplifier and the resulting AC signal is measured by the lock-in
amplifier (LIA). The DC output from the LIA is read by the analog-to-digital converter
which feeds the digital output into a PC for analysis.

amplitude of the modulated signal.

As mentioned in Chapter 3, the grating is rotated by a Phytron stepper motor [75].
The motor is driven by a Phidget 1063 bipolar stepper driver which provides a minimum
stepping resolution of 0.001875° and a maximum current of 2.5 A per coil [89]. A graphical
user interface, GUI, was constructed using Interactive Data Language, IDL, version 8.8
(2020, Harris Geospatial Solutions, Inc.) which allows the user to set the parameters of
the phidget driver. The GUI was used to specify and record the angular position of the
grating, however, with no method of absolute encoding, it required calibration. Consider the
photomixer source which outputs a wavelength (frequency), Apm, which can be converted

to a corresponding angular position, 8y, of the grating using equation 2.41:

Opm = oL+ g
A [°] (4.6)
—arcsin [ —22 )} +7.5°
2d cos7.5°

where o is the angle of incidence, ¢ is the deviation angle, and d = 312 um is the groove

spacing. The signal amplitude measured at each uncalibrated angular position can be fitted
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with a Gaussian equation:

(002
f(0)=A4Ag exp(%) + offset [au] (4.7)
6

to extract the uncalibrated center angular position, 6., which should be calibrated such that
0c = Bpm. With respect to the calibration process, the amplitude, Ay, Gg, and offset are
unused. Therefore, the calibration requires 6. to be subtracted from the array of angular

positions and 6, added:

0=0;—06.+06py [rad] (4.8)

where 0 represents the array of calibrated angular positions, and 6; is the i" element in the

array of uncalibrated angles.

4.2 Configuration 1: Grating Independent

The results presented here were obtained using the first optical configuration which
studied the grating as an individual instrument. Optics are taken from a cryogenic Fabry-
Pérot interferometer [64] which included a cryogenic entrance slit which was necessary to
control the size and position of the radiation entering the spectrometer. Figure 4.5 shows
the optical components and path of the radiation as it travels from the room temperature
optics, into the 4 K chamber of the cryostat, and then finally entering the 300 mK section
containing the composite bolometer detector. The purpose of the room temperature optics
was to take the output from the terahertz photomixer and image it onto the entrance slit
mounted on the 4 K plate. An /2 90° OAP mirror with a 320 mm focal length was used
to collimate the light from the photomixer. The collimated beam then traveled towards a
custom /6 90° OAP mirror with a focal length of 600 mm. This OAP was designed to pass
light through the entrance slit and feed the /6 15° OAP at 4 K. The 15° OAP is identical

to the OAP inside the grating assembly so this removes any magnification induced by the
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Figure 4.5: Diagram showing the optical setup used to test the performance of the diffrac-
tion grating spectrometer. See text for details.

imaging mirrors. The first 15° OAP collimates the light passing through the entrance slit
and directs it to a fold mirror which reflects the collimated beam through a pendulum mirror.
The collimated beam enters the grating enclosure and is reflected by a right-angle mirror
towards the diffraction grating which diffracts the light to the f/6 15° OAP. The final OAP
focuses the light through an exit slit mounted on the feedhorn of a bolometer detector and

is subsequently measured.

4.2.1 Spectral Response Functions

A method to determine the wavelength of the source is required to measure the spec-
tral response function, SRF, of the grating. When using the photomixer described above
in section 4.1, the frequency of the mixed output is equal to the difference between the
frequencies of the two lasers, (0] — @), from equation 4.4. Therefore, a simple way to
measure the output wavelength of the photomixer is to measure the wavelenths of the in-
dividual lasers. This was achieved by injecting each fiber laser output into a WA-1500

Wavemeter by EXFO Electro-Optical Engineering Inc. which measures the wavelength of
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1550 nm lasers to an accuracy of one part in a million [90]. The difference between the
wavelengths of the two lasers is taken to be the photomixer wavelength, A,m, and is used
for calibration of the grating position.

The photomixer frequency was tuned across the grating band (285 - 500 um) and at
each setting of the photomixer the grating was scanned in 0.06° increments (0.58 - 0.40
um) around the corresponding photomixer wavelength to determine the SRF of the grating.
Each scan incorporated around 20-30 data points depending on the width of the profile. At
each data point, the grating was moved to the commanded position and after a delay of 1
s, data were collected. The delay was set to be 10 times the time constant of the LIA, 100
ms, to make sure the LIA had sufficient time to respond to the change in signal. At each
position, 250 samples of the LIA were recorded using the ADC with a sampling rate of
50 Hz and the grating was moved to the next position and the process was repeated. The
commanded angle of the grating is recorded along with the average and standard deviation
of the 250 data points taken at each position. Afterwards, the angular position of the grating
was calibrated using equation 4.8 where 8, was calculated from A, using equation 4.6.
A total of 36 SRFs were measured across the range of the grating and they are all shown in
figure 4.6.

It can be seen in figure 4.6 that there are some secondary local maxima within the grating
SRFs. This was believed to be stray radiation making its way to the detector from the edges
of the saddle which is parallel to the plane of the grating. The width of the input beam in
this configuration is 50 mm and the width of the grating is also 50 mm which means the
beam is expected to interact with the edges of the saddle which the grating is mounted in.
To test if the stray light was caused by the edges of the grating, the input beam was shifted
horizontally across the grating to change the direction of the reflection and try to eliminate
this contribution of stray light to the detector signal. The result of this test is shown in
figure 4.7 where the two plots shown were taken in identical conditions. However, the

figure on the right was measured after the beam was shifted horizontally across the grating.
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Figure 4.6: All normalized SRFs taken with configuration 2. The profiles show a narrow-
ing in full-width-half-maximum from short to long wavelengths, which was predicted in
equation 2.50.

These features were able to be removed by shifting the beam indicating that the features
were due to diffraction off of the edges of the saddle. Figure 4.7 included data collected at
a wavelength of 289 um, however, this adjustment did not produce ideal results at longer
wavelengths (~ 500 um). The resolving power was significantly reduced when this shift
was repeated at longer wavelengths and this was probably due to the system being more
sensitive to the change in alignment due to the angle of incidence being larger and the beam
illuminating a larger portion of the grating. Figure 4.7 verified that the secondary maxima
within the grating profile are not a feature of the grating alone. Also, it is shown that the
presence of these features affect the accuracy of the Gaussian fit to the data where the chi-
squared was found to be 2 = 423 for the fit to the original data and x> = 0.696 for the data
collected after shifting the beam where both data sets have the same statistical degrees of
freedom. Therefore, the data points corresponding to the stray light were excluded from the

fitted data to produce a more accurate fit as will be shown in figure 4.8.
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Figure 4.7: The two plots show the measured signal (blue points) and the red curve is the
best fit Gaussian profile. Both have the photomixer set to a wavelength of 289 um. The
figure on the left was taken with the original alignment and the fit returned a > of 423. The
right was taken after the alignment was shifted to reduce the impact of stray reflections and
returned a x> of 0.696.

The wavelength-dependent grating SRF is then fit with a Gaussian equation:

—(A=X)?
%)—FAI + Ao+ A3A2, [au] (4.9)
A

f(A) =Agexp(

to determine the center wavelength, A., and 6. The SRFs were normalized because the
signal amplitudes did not provide any meaningful information so Ay was kept at unity. A
quadratic function, A + AoA +A37\.2, was added to the baseline of the Gaussian to account
for asymmetries in the profile. Grating SRFs are shown in figure 4.8. The top of the figure
shows two profiles at the short wavelength end (290 and 355 um), the middle two were
taken near the center of the band (393 and 419 um), and the bottom two were taken at the

long wavelength end (465 and 487 pum).
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Figure 4.8: Normalized signal (blue points) and the best fit Gaussian profile (red curve).
Vertical error bars (black) are calculated as the standard deviation of 250 measurements
taken at each data point. Horizontal error bars (black) are too small to be seen as they
represent the error in the determination of the photomixer wavelength. Measurements of
the wavelength of the individual photomixer lasers yielded a typical uncertainty of + 0.03
um. The photomixer wavelength and measured resolving power are labeled above each
plot.
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4.2.2 Resolving Power
The o) term extracted from fitting a Gaussian function to the grating SRF was used to

determine the full-width-half-maximum, AA, of the grating profile:

AL = 2V/21n20;. [um]  (4.10)

The resolving power, R, is then found by equation 2.46:

R=—. [1] &.11)

Figure 4.9 shows the resolving power measured by all grating SRFs across the wavelength
range. The data were fitted with equation 4.11 to extract a multiplication factor between the
theoretical curve and the data. The fit returned a factor of 0.88 which means the measured
resolving power was 0.88 times the expected value. This lowered resolving power is likely
due to several factors, one being the impact of stray light within the profiles which was
discussed in the previous results. Additionally, the alignment was difficult to optimize and
may have led to a reduced beam diameter incident on the grating. Stray light also had a
clear impact on these results and may have led to a broadening of the profiles.

While this setup had significant advantages by incorporating a cryogenic slit, it was
still not the most optimal configuration. The photomixer frequency could be measured with
knowledge of the frequency of the two combining lasers, however, with these optics at room
temperature there is contribution from thermal emission as well. Additionally, the black-
body source could not be used to characterize the spectral response of the grating which is
necessary to verify the instrumental performance. Therefore, the optimal configuration in-
cludes a method to accurately measure the spectrum of incident radiation; something which
an FTS is designed for. In preparation for the final measurements taken with the integrated
post-dispersed room-temperature FT'S and cryogenic entrance slit, the saddle supporting

the grating was coated with the same epoxy-carborundum mixture as was used to coat the

97



4.2. CONFIGURATION 1: GRATING INDEPENDENT

180

160 —

— Theory __|
-

[ ] @ Experimental Results

140

120

Resolving Power

100

80

|
300 350 400 450
Wavelength (ym)

60

Figure 4.9: Experimental resolving power (blue) calculated from grating spectral response
profiles. Error bars in the data are calculated from the errors in the standard deviation and
center wavelength extracted from the Gaussian fit. The theoretical resolving power (red) is
described by equation 2.50 and the data was fit (green) with the same equation to extract a
multiplication factor. The fit returned a factor of 0.88 compared to theory.

inside of the grating enclosure [85]. The result is shown in figure 4.10. Care was taken
to get as close to the edges of the saddle without having the carborundum mixture coated
over the edge as to impinge on the incident beam. The epoxy-carborundum mixture has
proven to effectively mitigate stray light and will make sure any reflections are less likely
to reach the detector. Chapter 5 will detail the results of the grating spectrometer coupled
to a room-temperature polarizing FTS in two configurations: a collimated output from the
FTS sent directly into the grating spectrometer, and a focused output passing through a
cryogenic entrance slit. Spectral response functions of the grating will be given in both
configurations as well as a verification of the resolving power across the wavelength range
of the grating and for different polarization of incident light. These measurements with be
repeated with the blackbody source. In the final configuration incorporating the cryogenic
entrance slit, I will present an efficiency analysis with the diffraction grating as a function

of the wavelength and polarization of incident light.
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Figure 4.10: Image of the grating mounted in the enclosure after an epoxy-carborundum
mixture was applied to the edges of the saddle (red boxes). This will help to reduce stray
light reaching the detector.
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Chapter 5

Post-dispersed Fourier Transform
Spectrometer Results

The good thing about science is that it’s true whether
or not you believe in it.

NEIL DEGRASSE TYSON

There were three experimental configurations employed to measure the spectral re-
sponse function of the grating spectrometer. The first configuration was described in Chap-
ter 4 which was used to measure the response of the grating as an independent instrument.
The results from the second and third optical configurations are presented in this chapter.
Both of these setups incorporate the room-temperature polarizing Fourier transform spec-
trometer, FTS. The second configuration will be described first and was distinguished by
outputting a collimated beam from the room-temperature FTS into the cryogenic grating
spectrometer to simplify the alignment process. The third configuration replaced the exit
optic of the FTS with a 90° off-axis parabolic mirror to input a focused beam through an
entrance slit within the cryostat. The purpose of the slit is to define the throughput and res-
olution of the system and is, therefore, a key element in optimizing the performance of the
grating. The grating spectral response was studied using a line source produced by a tera-
hertz photomixer described in section 4.1 and a broadband continuum source produced by a
heated filament. The final configuration allowed measurements of the diffraction efficiency
of the grating as a function of wavelength and polarization which will be presented later

in this chapter. Since the standard spectral unit of measurement for a diffraction grating is
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Figure 5.1: Diagram of configuration 2 showing the source module (photomixer line source
and black body continuum source) coupled to the polarizing FTS which outputted a colli-
mated beam into the grating spectrometer. The dashed lined barriers indicate the separation
between room temperature (300 K) components, the cryogenic (4 K) grating assembly, and
the 300 mK composite bolometer detector. Thermal filters are mounted to the 100 K, 4 K,
grating, and detector shields with the purpose of defining the bandwidth of radiation seen
by the detector.

wavelength (um) while for the FTS it is wavenumber (cm™"). To allow the reader to readily
switch back and forth between the two spectral domains, the figures in this chapter will be

presented in terms of both wavelength and wavenumber.

5.1 Configuration 2: PDPFTS Collimated Output

The second configuration used to measure the grating resolving power is detailed in
figure 5.1. The FTS used in these measurements was a calibration FTS (cFTS) provided
by Blue Sky Spectroscopy [73]. The specifications of the cFTS are described in Appendix
C. The optical configuration of the instrument is a polarizing Martin Puplett interferom-
eter shown schematically in figure C.2 with a maximum resolution of 0.032 cm™!. The

maximum circular beam diameter produced by the cFTS is 110 mm. In this configuration,
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the grating receives the collimated beam directly from the cFTS without passing through
a cryogenic entrance slit. The decision to omit the entrance slit was made to simplify the
alignment process. An oversized collimated beam (110 mm beam into a 40 mm grating
entrance aperture) is much less sensitive to misalignment than a beam focused onto a 5 mm
wide slit. As discussed in Chapter 2, the spectrometer is designed to image light incident
on the entrance slit onto the exit slit. From equation 2.50, the slit-width limited resolv-
ing power is proportional to the larger of the width of the entrance slit image, w’, and the
exit slit, w”. As described in section 4.1, the photomixer couples electromagnetic radia-
tion into free space via a 100 um strip-line bow-tie antenna. Taking the antenna to be the
entrance slit and ignoring self-emission by the room temperature source, the system was
assumed to be limited only by the width of the exit slit (W' = 4.0 mm > 100 um). This
assumption did not account for the thermal emission from the hyper-hemispherical silicon
lens of the photomixer and other auxiliary room temperature components, or contributions
from atmospheric emission. However, the photomixer signal was found to dominate these
contributions and they were deemed to be negligible.

The data collected with the FTS did not require the mechanical chopper or the SR830
lock-in-amplifier as in Chapter 4 because the translating rooftop mirror modulates the signal
and this modulation encodes spectral information about the signal. The modulated signal,
or interferogram, is measured by the detector and the resulting signal passes through a Stan-
ford Research Systems SR560 — Low-noise voltage preamplifier [91]. The preamplifier
filters the detector signal with a bandpass of 3 — 100 Hz to reject 1/f noise. The gain fac-
tors at each stage are recorded so that the measured voltage can be compared with the actual
signal incident on the detector. The DC output from the preamplifier is recorded using the

same ADC [88] from the results in Chapter 4.
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Figure 5.2: Spectrum measured with the FTS (blue points) and a sinc fit to the data (red
curve). The photomixer was set to a wavelength of 292 um (34.2 cm™). The sinc fit
returned a value of 0.030 £0.0002 cm™" for the full-width-half-maximum of the profile.

5.1.1 Photomixer Results
Spectral Response Functions

The results presented in this section were obtained using the second optical configura-
tion; a collimated beam from the cFTS input directly into the grating spectrometer. The
diffraction grating described in section 3.1 was mounted in a spectrometer enclosure de-
signed by Veenendaal [64] because the monolithic grating enclosure was not yet complete.
The grating spectrometer was operated at 4 K and was coupled to the evacuated (< 10
mTorr) room temperature cFTS. The photomixer frequency (wavelength) was tuned across
the grating band (285 - 500 pum; 35.1 - 20 cm™!), by changing the difference frequency
between the two direct feedback continuous-wave 1550 nm lasers illuminating the pho-
tomixer element 4.4. Similar to the results presented in section 4.2, the grating was scanned
in 0.06° increments (~ 0.58 - ~ 0.40 um) around the corresponding photomixer wavelength
to determine the spectral response function, SRF, of the grating. At each grating angular
position, the FTS was scanned to produce a high resolution interferogram. Following the

steps outlined in Appendix C, the interferogram data were processed and Fourier trans-
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formed to return the measured spectrum. The spectrum was then fitted with a sinc function
(the instrumental line shape of a FTS) to extract the photomixer wavelength and amplitude
of the signal at each angular position. An example of the sinc fit and a measured spectrum
is shown in figure 5.2. There was a strong agreement between the sinc fits and the data
measured with the FTS which corresponded to a small uncertainty in the amplitude at each
grating position. The wavelength of the photomixer, Apm, measured by the cFTS was used
to calibrate the grating position as described in equation 4.8.

The calibrated angular position of the grating was converted to grating wavelength via

the grating equation 2.41:

mA = 2d cos(/2)sin(0 —¢/2)
[um]  (5.1)
A =624 ym X cos7.5°sin(6 — 7.5°)

This conversion is useful because it describes the SRF in terms of wavelength rather than
the angular orientation of the grating. The wavelength-dependent grating SRF was fitted
with the Gaussian function described in equation 4.9 to determine the center wavelength, A,
and the standard deviation, 6;, with a quadratic function added to account for asymmetries
in the baseline. Since the signal amplitudes are arbitrary, the SRFs were normalized for
ease of comparison. Some measured grating SRFs are shown in figure 5.3. The top two
plots show profiles at the short wavelength end (285 and 349 um; 35.1 and 28.7 cm™!), the
middle two were taken near the center of the band (393 and 426 pum; 25.4 and 23.5 cm™1),
and the bottom two were taken at the long wavelength end (449 and 502 um; 22.3 and 19.9
cm™!). A total of 14 SRFs were measured using this configuration and figure 5.4 shows all

of them.

Resolving Power
The standard deviation, 0, extracted from the grating SRF was used to determine the

full-width-half-maximum, AL, of the grating profile. The resolving power, R, is then found
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Figure 5.3: Normalized signal (blue points) and the best fit Gaussian profile (red curve).
Vertical and horizontal error bars were determined from the error in the sinc fit to the FTS
measured spectra. The photomixer wavelength and measured resolving power are labeled
above each plot.
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Figure 5.4: All normalized SRFs taken with configuration 1. The profiles show a clear
narrowing from short to long wavelengths, which is expected.

by equation 4.11. Figure 5.5 shows the resolving power measured by all grating SRFs
across the wavelength range. The theoretical curve shown in red is calculated using the slit-
limited resolving power outlined in equation 2.50. The system is assumed to be completely
dominated by the width of the exit slit, w’, because the exit slit was much larger than the
small emitting region of the THz antenna which acted as an entrance slit. The data were
fitted with equation 2.50 to extract a multiplication factor between the theoretical curve and
the measured data. The fit returned a factor of 0.88 which means the measured resolving
power was (.88 times the expected value. This lowered resolving power is likely due to
several factors, one being the module which housed the diffraction grating had 40 mm
windows as opposed to the 50 mm aperture designed in the new monolithic enclosure.
The resolving power is inversely proportional to the groove spacing (proportional to the

number of grooves) as shown in equation 2.50, so the decrease in beam size is expected
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Figure 5.5: Experimental resolving power (blue) calculated from grating SRFs. Vertical
and horizontal error bars are a combination of error in the the sinc fits to the FTS spectra
and the Gaussian fit to the grating SRF. The theoretical resolving power (red) is described
by equation 2.50 for the case of w' > w” and the data were fitted with the same equation to
extract a multiplication factor (green). The fit returned a factor of 0.88 compared to theory.

to lead to a decrease in resolving power. Additionally, this system did not incorporate a
well-defined (cryogenic) entrance slit. Therefore, any thermal emission from the room-
temperature optics is likely to contribute to the SRF and would be expected to broaden the

profile. This was further confirmed in the blackbody results outlined below.

5.1.2 Blackbody Results

The results in this section were taken with the second optical configuration incorpo-
rating a heated filament source of the photomixer to measure the response of the grating
with a broadband source. The blackbody used in these results is a Scitec IR-12 radiat-
ing element consisting of a coiled resistance wire which has a high emissivity at infrared
wavelengths[81]. The element is mounted on an aluminum block creating a more uniform

temperature which around ~1200 K with an input power of 10 W at 5 V. The emissivity of
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Figure 5.6: The grating scans (colored lines) correspond to an average of 5 FTS scans
at different angular positions of the grating. An atmospheric model was generated using
BTRAM v3 [73] and is superposed on the figure to show the location of absorption lines.
It is immediately obvious that the grating profiles measured with the blackbody source are
significantly broader than in figure 5.4 measured with the photomixer source.

the element is ~0.8 and the heated area of the source is 3.5 mm x 3.5 mm which produces a
sufficiently powerful source when coupled to the FTS. For these measurements, the grating
was left stationary at an angular position and the cFTS was scanned 5 times. The scans
were averaged to improve the signal to noise ratio. The averaged interferogram was ana-
lyzed using the methods outlined in Appendix C and a spectrum was returned. The angular
position of the grating was then adjusted to view the grating spectral response at a differ-
ent wavelength and the FT'S measurement was repeated. The collection of measurements
across the wavelength range of the grating are shown in figure 5.6. A transmission model
was generated using the Blue Sky Spectroscopy Transmission and Radiance Atmospheric
Model, BTRAM [73]. The parameters used in the model include an atmospheric path of
0.1 m which is the length of travel between the blackbody and the evacuated cFTS, a rela-
tive humidity of 25%, temperature of 21.8°C, and an atmospheric pressure of 1015 mBar.
Within the spectral range of the grating, 285 - 500 um (35.1 - 20.0 cm™"), and with these

atmospheric conditions, the only visible features are water vapour absorption lines.
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Figure 5.7: FTS measured data (blue points) and the best-fit Gaussian profile (red curve).
The photomixer wavelength and measured resolving power are labeled above each plot.

The spectral response of the grating can be analyzed from the profiles shown in figure
5.6. Four of these scans are shown in figure 5.7 where the data are shown along with the
best-fit Gaussian from equation 4.9. The top plots show the grating at a wavelength position
centered at 298 um (33.6 cm™') and 329 um (30.4 cm™). The bottom two plots show the
grating at a wavelength position centered at 376 ym (26.6 cm™!) and 428 um (23.4 cm™).
The resolving power of each grating SRF measured with the blackbody source was calcu-
lated using equation 4.11. The calculated resolving power ranged from 23 - 44 across the
band, significantly lower than the 69 - 180 expected from the slit-limited theoretical model.
These values were also much less than what was measured using the photomixer source

from figure 5.5. The disagreement between the data measured with the photomixer and that
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Figure 5.8: Diagram showing the third and final optical configuration used to accurately
measure the slit-limited resolving power of the diffraction grating spectrometer as a post-
dispersion module for the room temperature FTS. The output of the FTS was focused
through the cryogenic entrance slit using a custom /6 90° OAP. After passing through
the slit, the divergent beam was collimated by a /6 15° OAP, reflected by a flat mirror
towards a pendulum mirror, and passed into the grating spectrometer.

measured with the blackbody indicates the system is limited by the room-temperature en-
trance slit. The blackbody is expected to be impacted more than the photomixer because the
size of the emitter is larger: 3.5 mm x 3.5 mm vs. the 100 um strip-line antenna. These re-
sults clearly indicate that the omission of a cryogenic entrance slit significantly reduces the
resolving power of the grating. In the final design, a cryogenic entrance slit was employed
to properly measure the spectral response of the grating. Additionally, the new monolithic

module was employed and a high-resolution modification was made to the cFTS.

5.2 Configuration 3: PDPFTS Cryogenic Slit

A diagram of the third and final optical configuration is shown in figure 5.8. The cryo-
genic components are the same as shown in figure 3.17, however, this configuration passes

light from the cFTS into the cryogenic slit to attain the most optimal experiment. The cFTS
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was upgraded between the measurements with the collimated FTS output to the measure-
ments discussed in this section. The length of the linear translation stage was increased
by a factor of 2 from 62.5 cm to 125 cm. The new stage provides the cFTS with a maxi-
mum resolution of 0.016 cm™!. However, due to memory limitations in the data acquisiton
software, the travel of the stage was limited to 100 cm corresponding to a maximum reso-
lution of 0.020 cm™!. The final configuration was also the first to incorporate the flat mirror
mounted to the back of the grating to enable efficiency measurements. When the mirror is
inserted into the optical path, a scan of the cFTS measures the spectrum of the entire band
and can be used to calibrate the efficiency of the grating as a function of wavelength. As
mentioned in section 2.5, this is a complicated function to model. Experimental results will

be presented and compared with models that were available to me.

5.2.1 Photomixer Results

Grating SRFs were measured with the photomixer source repeating the same proce-
dure as the results above. However, these measurements incorporated the new diffraction
grating module, the cryogenic entrance slit, and the high-resolution addition to the cFTS.
As discussed in section 5.1, grating SRFs were measured by scanning the grating in 0.06°
increments around the corresponding photomixer wavelength. At each increment of the
grating, the cFTS was scanned to obtain an interferogram which was processed to return
the transformed spectrum. A sinc function was fitted to the FTS measured spectrum as
shown in figure 5.9 to extract the center wavelength and amplitude of the signal at each
grating position. The center wavelength measured by the cFTS was used to calibrate the
grating position as described in equation 4.8. Compared to figure 5.2, the profile of this sinc
is clearly more narrow, 0.017 £ 0.00006 cm~! with the new FTS data vs. 0.030 4 0.0002
cm™! with the previous data as expected. Higher resolution in the FTS measurements gives
more spectral information in each scan which will help to determine the spectral response

of the grating with more accuracy. SRFs were measured across the wavelength range of
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Figure 5.9: Spectrum measured with the cFTS (blue points) and a sinc fit to the data (red
curve). The photomixer was set to a wavelength of 290 um (34.5 cm™). The sinc fit
returned a value of 0.017 £0.00006 cm™! for the full-width-half-maximum of the profile.

the grating and the measurements were repeated with the output polarization of the cFTS

oriented perpendicular (s-polarized) and parallel (p-polarized) to the grooves of the grating.

P-Polarization

The results presented here were obtained with the output polarization of the cFTS ori-
ented parallel to the grooves of the diffraction grating. As was discussed in Chapter 2,
the parallel polarization, or p-polarization state, is expected to be less efficient than the
perpendicular, s-polarization. However, the SRFs are not expected to be impacted by the
polarization state, except for a possible change in diffracted amplitude. Grating SRFs were
measured across the wavelength range as shown in figure 5.10. The top two profiles show
data collected with the photomixer set to a wavelength of 290 um (34.5 cm™") and 308 pum
(32.5 cm™), the middle two were taken at 341 pm (29.3 cm~!) and 388 um (25.8 cm™!), and
the bottom two were taken at 449 um (22.3 cm™) and 483 um (20.7 cm™!). The resolving
power for each SRF was calculated using equation 4.11 and the measured value for each
profile is shown above in figure 5.10. There were a total of 19 grating SRFs taken across the

wavelength range of the grating and they are all shown in figure 5.11. As was discussed in
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Figure 5.10: Normalized signal (blue points) and the best fit Gaussian profile (red curve).
Vertical and horizontal error bars were determined from the error in the sinc fit to the FTS
measured spectra. The data were measured with the output polarization of the FTS con-
figured parallel to the grating grooves (p-polarized) and the photomixer wavelength and

measured resolving power are labeled above each plot.
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Figure 5.11: All normalized grating SRFs taken with the photomixer source. The data were
measured with the output polarization of the FTS configured parallel to the grating grooves
(p-polarized). The profiles show a slight narrowing with increase in wavelength which is
expected.

the results of Chapter 4, there were some issues with stray light appearing as a bump on the
side of the grating profiles. It can be seen in figure 5.11 that these effects are still present,
although the amount of stray light has been decreased. The epoxy-carborundum mixture
applied to the edges of the saddle was impactful in reducing the stray light, however, was
not abe to completely eliminate it. Therefore, a method to restrict the width of the beam is

necessary to further reduce the stray reflections.

S-Polarization
The grating SRF measurements were repeated with the cFTS polarization oriented per-
pendicular (s-polarized) to the grooves of the grating. The s-polarization state is expected

to produce a higher diffraction efficiency than with p-polarized light, however the grating
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Figure 5.12: Normalized signal (blue points) and the best fit Gaussian profile (red curve).
Vertical and horizontal error bars were determined from the error in the sinc fit to the FT'S
measured spectra. The data were measured with the output polarization of the FTS config-
ured perpendicular to the grating grooves (s-polarized) and the photomixer wavelength and
measured resolving power are labeled above each plot.
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Figure 5.13: All normalized grating SRFs taken with the photomixer source. The data were
measured with the output polarization of the FTS configured perpendicular to the grating
grooves (s-polarized).

SRF is not expected to change. The SRFs measured across the wavelength range are shown
in figure 5.12. The top two profiles show data collected with the photomixer set to a wave-
length of 290 um (34.5 cm™') and 308 um (32.5 cm™"), the middle two were taken at 341 um
(29.3 cm™") and 375 um (26.7 cm™), and the bottom two were taken at 419 um (23.9 cm™)
and 474 um (21.1 cm™"). The measured resolving power calculated from equation 4.11 is
shown above each profile. Grating SRFs were taken with the same photomixer settings as
in the p-polarized results and the 19 measured profiles are shown in figure 5.13. Bumps on
the side of the grating profiles indicated stray light was also present in these results. The
resolving power was measured for each grating SRF and will be discussed after the next

section presenting the measurements with the broadband input.
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5.2.2 Blackbody Results: FTS in Atmosphere

A significant advantage to the final optical configuration is the incorporation of the
cryogenic entrance slit with the high-resolution FTS. As was shown in the previous results,
using broadband input without the entrance slit resulted in broad grating spectral profiles.
Now that the input radiation is constrained by the entrance slit, a broadband source should
produce much more narrow grating profiles with a slit-limited resolving power predicted
by equation 2.50. Continuum emission was produced by a commercially available silicon
carbide, SiC, igniter with a rectangular element which achieves an emissivity > 0.7 at in-
frared wavelengths [82]. For the blackbody measurements, the SiC igniter was placed at
the input to the cFTS and was operated at a temperature of ~1500 K. When the mirror on
the back of the grating is in line with the incident beam, a scan of the cFTS is used to obtain
a measurement of the entire spectrum. Figure 5.14 shows three separate cFTS scans with
the mirror in the optical path and the output of the cFTS p-polarized. Each scan was taken
a few hours apart and the system response did not vary much, therefore, a single scan could
be used to calibrate the efficiency of the grating. An atmospheric model was generated us-
ing BTRAM v3[73] and is added to the figure to show the location of absorption features.
The atmospheric path length was estimated to be around 2 m because the cFTS was not
evacuated for these measurements. Later in this chapter, some blackbody measurements
were repeated with the FTS evacuated. As was discussed in Chapter 1, blackbody emis-
sion follows Planck’s Law as outlined in equation 1.1. However, at long wavelengths, the
emission follows the Rayleigh-Jeans law:

2v2kgT
p— 2 5

By(T) Wm2Hz 'sr™!] (5.2)

c

where V is the freqeuncy of radiation, kp is the Boltzmann constant, T is the temperature
of the blackbody, and c is the speed of light. Thus, the atmospheric model is multiplied

by v? and normalized to better represent the data in figure 5.14. The sharp drop in signal
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Figure 5.14: cFTS scans with the grating flat mirror in line with the optical path showing
the entire spectrum of radiation. An atmospheric model was generated using BTRAM v3
[73] and was multiplied by v? to incorporate the blackbody emission relationship given in
equation 5.2.

around 300 um (33.3 cm™) corresponds to the 285 pum (35 cm™!) cutoff frequency of the
filter mounted on the face of the detector which is necessary to order sort the grating and
deload the detector.

With the output of the cFTS oriented p-polarized, the grating was rotated into the optical
path and several scans were taken around the absorption feature at 398 um (25.1 cm™') as
shown in figure 5.15. To measure each profile, the grating was rotated into a position
around the feature and then remained stationary. The cFTS was scanned 10 times and the
interferograms were averaged. The interferograms were averaged and transformed into
a spectrum and compared with the atmospheric model in figure 5.15. The atmosphere
clearly has an impact on the grating profiles which shows that the spectrometer is encoding

accurate spectral information. The next sections will present the blackbody measurements
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Figure 5.15: cFTS scans with the grating positioned around the atmospheric absorption
feature at 398 um (25.1 cm™!)

taken across the entire range of the grating for s-polarized and p-polarized light.

P-Polarization

The results continue with the output polarization of the cFTS oriented p-polarized. The
grating was rotated in angular positions across the wavelength range and at each position
the cFTS was scanned 10 times. The 10 interferograms at each point were averaged and
the Fourier transform was taken to return the spectrum at each point. The power spectra
corresponding to the grating SRFs along the band are shown in figure 5.16. Closer inspec-
tion of the profiles show some asymmetries which could originate from phase errors in the
interferogram induced by instrumental imperfections in the cFTS. Normally, the phase of
an interferogram is corrected to produce a real signal in the transformed spectrum [84].
However, the grating profiles were extremely narrow and there were not enough data points
in the grating spectral band to extract phase information. In principal, it is possible to

combine phase information from adjacent spectral bands of the grating to establish a more
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Figure 5.16: The grating scans (colored lines) correspond to all FTS scans measured with
the blackbody source at different angular positions of the grating. An FTS measurement of
the entire band (black) was taken with the flat mirror in place of the grating. The data were
measured with the output polarization of the FTS configured parallel to the grating grooves
(p-polarized).

robust phase correction since the phase of the FTS is independent of the grating. However,
the processing code required to do this was not fully developed. Without phase correc-
tion, the overall line shape of the grating profiles as measured by the cFTS should not be
over-interpreted until they are properly processed in future work. It is still useful to mea-
sure the resolving power of the SRFs measured with the blackbody to assess the grating
performance with the first results.

A closer view of six grating SRFs measured with the blackbody source are shown in
figure 5.17. The top two profiles show data collected with the photomixer set to a wave-
length of 293 um (34.1 cm™!) and 326 um (30.7 cm™!), the middle two were taken at 364
um (27.5cm™!) and 404 pm (24.8 cm™!), and the bottom two were taken at 431 um (23.2
cm™!) and 485 um (20.6 cm™!). The measured resolving power calculated from equation

4.11 is shown above each profile. Unlike with the blackbody results from configuration
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Figure 5.17: FTS measured data (blue points) and the best-fit Gaussian profile (red curve).
The data were measured with the output polarization of the FTS configured parallel to the
grating grooves (p-polarized and the photomixer wavelength and measured resolving power
are labeled above each plot.
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Figure 5.18: The grating scans (colored lines) correspond to all FTS scans measured with
the blackbody source at different angular positions of the grating. An FTS measurement of
the entire band (black) was taken with the flat mirror in place of the grating. The data were
measured with the output polarization of the FTS configured perpendicular to the grating
grooves (s-polarized).

2 which returned resolving powers around 20 - 40, these profiles are much more narrow
and achieves the target resolving power of R = 100 near 392.5 pm. It is evident that the
cryogenic entrance slit is restricting the path of the radiation and the results have shown a

significant improvement over the previous configuration. The next section will present the

grating SRFs measured with the blackbody source with s-polarized light.

S-Polarization

The blackbody measurements were repeated with the cFTS output s-polarized. The
power spectra measured by the FTS at all grating positions across the band are shown in
figure 5.18 along with the spectrum measured with the flat mirror. It can be seen in these
measurements that the signal measured by the grating exceeds the signal measured with the
mirror. As was mentioned in Chapter 3, there is an expected signal drop of ~ 93% due to

the mirror being offset from the plane of the grating. The main factor impacting the data
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is expected to come from the nonlinear response of the detector. When the flat mirror is in
the optical path, radiation from across the entire spectral band is incident on the detector
and produces a significant heat load within the bolometer element. Contrastingly, when
the grating is in the path, the signal is only a narrow band of the entire spectrum. Like
all bolometer detectors, the response is a function of radiant loading and will be different
when viewing the entire spectral band compared with viewing a filtered section of the band
[72]. In some cases, a gain factor of 2 has been seen in the responsivity between the
narrowband and broadband input. Therefore, this non-linearity is impacting the absolute
determination of the signal amplitude with the mirror in path compared with the grating in
path. The exact change in responsivity can be measured by changing the power emitted
by the blackbody source by a known amount, e.g. changing the temperature of the heated
element, and recording the change in signal amplitude with the grating in the path compared
to with the mirror in path. However, due to time constraints, this test was not completed
so the grating and mirror signal amplitudes should be considered as relative measurements
with an unknown gain factor. It is expected that the small change in amplitude between
successive grating profiles is insufficient to produce non-linear effects in the detector. Thus,
the responsivity of the detector is expected to be constant between grating measurements
so that the overall trend in efficiency is representative of the true data by a multiplicative
factor.

Grating SRFs with s-polarized light are detailed in figure 5.19. The top two profiles
show data collected with the photomixer set to a wavelength of 292 um (34.1 cm™') and
316 um (31.6 cm™!), the middle two were taken at 343 um (29.2 cm™') and 366 um (27.3
cm™!), and the bottom two were taken at 438 um (22.8 cm™!) and 485 pm (20.6 cm™). The
measured resolving power calculated from equation 4.11 is shown above each profile. The
signal to noise ratio on the measurements at longer wavelengths were seen to be greater than
the p-polarized data because the diffraction efficiency was much higher. The next section

will compare the measured resolving power from the photomixer data to the blackbody data
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Figure 5.19: FTS measured data (blue points) and the best-fit Gaussian profile (red curve).
The data were measured with the output polarization of the FTS configured perpendicular
to the grating grooves (s-polarized) and the photomixer wavelength and measured resolving
power are labeled above each plot.
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Figure 5.20: Experimental resolving power (blue circles) calculated from grating spec-
tral response profiles with the blackbody source compared with measurements with the
photomixer source (yellow stars). Both experimental data were collected with the output
polarization of the FTS configured parallel to the grating grooves (p-polarized). The error
bars are calculated from errors in the Gaussian fits to the measured data. The theoretical
resolving power (red) is described by equation 2.50.

in both polarization states.

5.2.3 Resolving Power

The grating SRFs presented in the previous section were fitted with the Gaussian equa-
tion 4.9 to extract the standard deviation, 6;, which is used to calculate the resolving power
with equation 4.11. For the grating measurements taken with the cFTS output p-polarized,
the measured resolving power is shown in figure 5.20 comparing SRFS taken with the
blackbody source (blue points) and the photomixer source (yellow stars). The resolving
power measured from the photomixer profiles show good agreement with the slit-limited
theoretical curve from equation 2.50. The grating SRFs obtained with the blackbody source

required the measured interferogram to be transformed to the spectral domain. Any phase
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Figure 5.21: Experimental resolving power (blue circles) calculated from grating spectral
response profiles with the blackbody source compared with measurements with the pho-
tomixer source (yellow stars). Both experimental data were collected with the output polar-
ization of the FTS configured perpendicular to the grating grooves (s-polarized). The error
bars are calculated from errors in the Gaussian fits to the measured data. The theoretical
resolving power (red) is described by equation 2.50.

error in the interferogram will contribute to uncertainty in determining the true profile of
the grating. Therefore, a proper phase correcting routine is required. From figure 5.20, the
grating achieves a resolving power of R = 100 at 404 um which is similar to the target of
R =100 at 392.5 pm.

Resolving power measurements were repeated with the data collected for the s-polarized
FTS output as shown in figure 5.21. Interestingly, these results show a slightly lower overall
resolving power compared with figure 5.20, contrasting what would be expected with the
higher signal to noise ratio of the data collected in the s-polarization. The data follow the
general trend of the slit-limited resolving power curve and measured a resolving power of

R =105 at 402 um, near the band center. Overall, these data show significant improvement
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over the measurements taken in the first two optical configurations. Even with a slightly
lower resolving power, the blackbody measurements still verify that the grating succeeds
as a post-dispersing module by heavily restricting the spectral band of radiation viewed
with the detector. The next area to investigate is the diffraction efficiency achieved in both

polarization states.

5.3 Efficiency Analysis

Chapter 2 discussed some existing theoretical frameworks to model the diffraction ef-
ficiency of a blazed grating with a user-defined groove geometry. Among the available
models, a derivation using scalar electromagnetic equations was given with the result out-
lined in equation 2.67. The scalar model is intended to be useful for unpolarized light,
however, measurements were taken with linearly s-polarized and p-polarized light. There-
fore, a model incorporating vectorial electromagnetic calculations was formed by applying
the rigorous coupled wave, RCW, analysis within the pySCATMECH library [62]. The
scalar model and polarization sensitive vector models are shown in figure 5.22. The exper-
imental efficiency measurements were calculated by dividing the peak of the grating SRF
by the signal measured with the mirror at the same wavelength as the center of the grating
profile. As was mentioned in the blackbody results, there were some issues in determining
the absolute efficiency of the system due to the nonlinear response of the detector. Mea-
surements of the DC bias voltage were taken with the mirror in path and with the grating in
path and these were compared with response curves for the bolometer detector [72]. It was
found that a factor of ~ 2 is expected for the change in responsivity so the experimental
data were subsequently divided by 2 for a more accurate comparison.

The s-polarization diffraction efficiency is shown to be greater than the p-polarization
efficiency except for shorter wavelengths. The crossover point where the experimental s-
polarization efficiency surpasses the p-polarization efficiency happens around 325 um (30.8

cm™!). Recall the groove spacing of the diffraction grating is d = 312 um. The diffraction
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Figure 5.22: Scalar diffraction efficiency model (cyan curve) compared to vectorial po-
larization sensitive models calculated using pySCATMECH for p-polarized light (green
dashed curve) and s-polarized light (red dashed curve). Efficiency measurements were
taken with the blackbody source for p-polarized light (pink circles) and s-polarized light
(blue circles). Vertical and horizontal error bars are calculated from the uncertainty in de-
termining the amplitude and center of each grating SRF.
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Figure 5.23: Efficiency curves for a diffraction grating blazed at an angle of 46° with an
8° and 45° deviation angle between the incident and diffracted beams. The efficiency of
s-polarized light (blue curve) and p-polarized light (pink curve) are computed with the 46°
blazed grating having an 8° deviation angle. The vertical green lines represent the operating
range of the grating in this thesis, A/d = 0.91 — 1.60.

grating handbook [55] discusses the efficiency properties of gratings with large blaze an-
gles, > 38°, where the grating in this thesis was designed with a blaze angle of 39.4°. For
large blaze angles, there is a high efficiency expected for p-polarized light at wavelengths
A/d < 1. Figure 5.23 shows a plot taken from [55] for a blazed diffraction grating with a
blaze angle of 46° and deviation angles of 8° and 45°. Recall the deviation of the grating
spectrometer in this thesis was 15°, therefore, the data will be compared with the theoretical
curve for the 8° deviation. In figure 5.23, the blue outline corresponds to s-polarized light
and the pink outline is the p-polarized efficiency curve. The experimental data in figure
5.22 resembles the theoretical curves in figure 5.23 much better than the models derived
using pySCATMECH. The discrepancy between the theoretical models is likely due to the
RCW analysis being incomplete. The available libraries from pySCATMECH do not allow
the user to specify the mounting configuration, specifically, the deviation angle between the
incident and diffracted waves. As was shown in figure 5.23, there is a significant depen-
dence on the deviation angle which is illustrated between the efficiency curves for an 8°
and 45° deviation angle. Therefore, the s-polarized and p-polarized curves in figure 5.22

should not be over-interpreted until a more complete theoretical model is obtained.
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The experimental efficiency measurements were then compared individually to the p-
polarized and s-polarized RCW models. Figure 5.24 shows the s-polarized data (blue cir-
cles) compared with the RCW model (red dashed curve) which doesn’t show a great agree-
ment. However, the expected maximum efficiency at the blaze wavelength, 392.5 um, is
seen in the data. Figure 5.25 shows the experimental data (pink circles) compared with
the RCW model (green dashed line) which has been multiplied by a factor to account for
the nonlinearity of the detector. From figure 5.22, the p-polarized experimental data had a
much greater amplitude than the theoretical curve, however, it is interesting to see how well
the shape of the curve matches the data. There is much better agreement than with the s-
polarized data which indicates that the RCW model might still be useful for our application.
It was seen in figure 5.24 that at longer wavelengths, the grating has a high efficiency for s-
polarized light compared to p-polarized. When using the blackbody source as illustrated in
figure 5.14, the signal is strongest at short wavelengths and then drops off rapidly at longer
wavelengths. Therefore, when the blackbody source is used, the grating is optimally effi-
cient when the output polarization of the FT'S is oriented to be s-polarized as was expected.
The efficiency measurements are made possible because the FTS is polarizing which elimi-
nates the need for an expensive polarizing source. In this section, I have presented a method
for probing the polarization and wavelength dependent diffraction efficiency of a blazed re-
flection grating operating over far-infrared (285 - 500 um) wavelengths at a temperature of

4 K.

5.3.1 Blackbody Results: Evacuated FTS

Blackbody measurements were repeated for s-polarized light with the cFTS under vac-
uum < 10 mTorr. This reduced the atmospheric path from 2 m to 0.1 m, significantly
reducing the amount of absorption as seen in figure 5.26. The grating SRF power spectra
are shown along with the mirror scan for 10 cFTS scans averaged at each position. As

was discussed in Chapter 3, the diffraction grating was blazed to achieve a maximum ef-
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Figure 5.24: Diffraction efficiency calculated using pySCATMECH for s-polarized light
(red dashed curve) compare with efficiency measurements taken with the blackbody source
s-polarized light (blue circles). Vertical and horizontal error bars are calculated from the
uncertainty in determining the amplitude and center of each grating SRF.
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Figure 5.25: Diffraction efficiency calculated using pySCATMECH for p-polarized light
(green dashed curve) compare with efficiency measurements taken with the blackbody
source p-polarized light (pink circles). Vertical and horizontal error bars are calculated
from the uncertainty in determining the amplitude and center of each grating SRF.
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Figure 5.26: The grating scans (colored lines) correspond to all FTS scans measured with
the blackbody source at different angular positions of the grating. An FTS measurement of
the entire band (black) was taken with the flat mirror in place of the grating. The data were
measured with the output polarization of the FTS configured perpendicular to the grating
grooves (s-polarized).

ficiency at 392.5 um (25.5 cm™"). There is an absorption feature at 398 um (25.1 cm™)
which is expected to add uncertainty to the efficiency measurements near the feature. Thus,
the evacuated FTS measurements are particularly important to probe the region of expected
maximum efficiency which lies in the range of an absorption feature. Besides the reduced
atmospheric absorption, the overall shape of the measured spectrum in figure 5.26 is the
same as figures 5.14, 5.16 and 5.18. The efficiency of the evacuated data were calculated
by fitting the grating power spectra with the Gaussian function in equation 4.9 to extract
the amplitude and center wavelength. The amplitude of the grating signal is compared at
the signal measured with the mirror at the same wavelength and the efficiency measure-
ments are shown in figure 5.27. These data were also divided by 2 to account for the non-

linearity in the absolute signal amplitude as measured with the grating compared with the

mirror. The yellow circles represent the efficiency measurements with the evacuated cFTS
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Figure 5.27: Polarization sensitive model calculated using pySCATMECH for s-polarized
light (red dashed curve) and efficiency measurements with the cFTS in atmosphere (blue
circles) and with the cFTS evacuated (yellow circles). Vertical and horizontal error bars
are calculated from the uncertainty in determining the amplitude and center of each grating
SRF.

compared with the blue circles which represent the measurements with the cFTS in atmo-
sphere. Both sets of experimental data follow the same overall efficiency trend and have
returned approximately the same amplitude indicating that the efficiency measurements are
repeatable and not significantly sensitive to the experimental setup.

The results in this chapter have indicated a significant improvement to the experimental
configuration by incorporating the cryogenic entrance slit with the high-resolution polar-
izing FTS. The spectral response of the grating has been characterized as a function of
wavelength and polarization and the measurements of resolving power agree with the slit-
limited theory. The results have also shown a reliable method to measure the diffraction
efficiency of the grating as a function of wavelength and polarization using a broadband
input produced by a commercially available heated filament source. The next chapter will

discuss the conclusions and future work to be completed with the grating spectrometer.
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Chapter 6

Conclusions and Future Work

You only grow by coming to the end of something and
by beginning something else.

The World According to Garp
JOHN IRVING

Through my MSc thesis, I have been fortunate enough to take part in the design, as-
sembly and performance verification of a cryogenic instrument architecture that is widely
considered to be the leading candidate for the next generation far-infrared space based ob-
servatory. I have developed knowledge in cryogenic instrumentation techniques, optical
design, and familiarity with methods in low and high-resolution spectroscopy. During my
MSc degree, 1 have co-authored 6 papers being the first author on 2 of these which were
both accepted for oral presentations at international conferences. I have been supported
throughout my studies by my industrial partner Blue Sky Spectroscopy Inc. where I learned
techniques for vacuum and cryogenic systems, optical design, and infrared spectroscopy.
This final chapter serves to summarize the work completed in my thesis and highlight future
work to be implemented and the path to a fully cryogenic post-dispersed Fourier transform

spectrometer (PDPFTS).

6.1 Summary of Results

As was discussed in Chapter 1, observations in the far-infrared are critical for under-
standing the formation and early evolution of stars and planetary systems, and to probe

the high-redshift universe. It has been established that approximately one half of radiation
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emitted in the universe is detected at far-infrared wavelengths (30 - 1000 um) [92]. This
is due to two main factors: the first is that the youngest systems in the universe including
galactic protostars and ultra-luminous galaxies in the local universe are often shrouded in
dust and gas [93]. Radiation traveling from within these enshrouded systems suffers from
extinction which, due to the typical size of dust grains (~1 um), favours the absorption and
scattering of radiation at shorter (visible) wavelengths. Far-infrared radiation experiences
less extinction and can probe into these obscured regions more efficiently. Additionally,
the dust particles in dense star forming regions typically have a temperature around 20 - 40
K which means they produce continuum emission that peaks in the far-infrared. The sec-
ond reason is that distant galaxies will have their emission shifted into longer wavelengths
due to cosmological expansion of the universe [5S]. Because of their ability to probe both
obscured regions in the nearby universe and distant galaxies, far-infrared spectroscopic ob-
servations provide a unique means of addressing some of the leading questions in modern
astrophysics from the formation of stars and planets in our own galaxy to the evolution of
galaxies over cosmic time [93].

The next generation of far-infrared astronomical observatories will employ a high-
resolution spectrometer coupled with ultra-sensitive superconducting bolometer detectors
achieving noise equivalent power (NEP) measurements on the order of 10~1°W //Hz [46].
With a sensitivity more than two orders of magnitude better than any previous far-infrared
space mission, the detector becomes limited by photon noise unless the spectral bandwidth
of radiation falling on the detector is restricted. The leading approach is to use a reflec-
tion diffraction grating to post-disperse the output from the high-resolution spectrometer.
This thesis has described the design, development, and verification of a diffraction grating
spectrometer which was developed to study the instrument concept of a cryogenic post-
dispersed Fourier transform spectrometer (PDPFTS).

Chapter 2 introduced the key equations that describe interference and diffraction which

were used to design the diffraction grating spectrometer. The specifications of the grating
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were outlined in Chapter 3 which detailed the design of the blazed diffraction grating as
well as the monolithic enclosure that was mounted within the test facility cryostat. Chapter
3 also discussed the cryogenic considerations taken to ensure the grating module would
reach a base temperature of ~4 K within 2 hours of the cryostat mounting plate. Temper-
ature measurements confirmed that the thermal contact conductance between the grating
spectrometer and the baseplate was sufficient to produce a negligible temperature delay,
well within the 2 hour target.

Chapters 4 and 5 presented the steps taken to validate the performance of the grating
spectrometer as an individual instrument and as a post-dispersing module to a polarizing
FTS. Three measurement configurations were explored to study the performance of the
diffraction grating spectrometer. The first configuration outlined in Chapter 4 produced
measurements of the grating used alone, i.e without the polarizing FTS. A THz photomixer
source was used to determine the spectral response of the grating and measurements of the
resolving power were presented to quantify the agreement between the data and theory.
While the first configuration included a cryogenic entrance slit to define the bandpass of the
system, it lacked a determination of the spectral content of the source which would have in-
cluded thermal emission from the room-temperature photomixer. Therefore, measurements
with the polarizing FTS were required to characterize the incident radiation.

In Chapter 5, the second configuration involved coupling the room-temperature source
and FTS to the cryogenic grating spectrometer by passing a collimated beam through the
cryostat window. This configuration was found to be sub-optimal because it did not include
a cryogenic entrance slit. Therefore, measurements obtained with the continuum source
had no means to control the spectral throughput/direction of radiation viewed by the grating
and the bandpass of the grating profiles was much wider than measurements taken with the
photomixer line source whose emitting region acted as a slit.

The third and final configuration was presented in Chapter 5 and included the room-

temperature source and FTS which coupled a focused beam onto a cryogenic entrance slit
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before passing onto the grating spectrometer. Measurements with the final configuration
produced spectral response profiles which were nearly identical for the continuum source
and the line source. The results verified that the grating spectrometer could be operated at
4 K and was able to post-disperse the signal from a polarizing FTS such that the bandpass
of radiation viewed by the detector was roughly 1% (R ~ 100).

The final configuration of the grating spectrometer also incorporated a flat mirror mounted
to the rear of the grating which allowed the determination of the grating efficiency. There
are few experimental measurements exploring the diffraction efficiency of a blazed grating
as a function of polarization and, to our knowledge, none at cryogenic temperatures and at
far-infrared wavelengths. The diffraction grating grooves were blazed to achieve a maxi-
mum efficiency at the band center (392.5 um). The results in Chapter 5 confirm the analysis
presented in Chapter 2 that the efficiency was strongly dependent on the polarization state
of incident light. When the output from the polarizing FTS was oriented perpendicular to
the grating grooves (s-polarized), the measured efficiency did peak at the center of the band
as expected. However, when the output was parallel to the grooves (p-polarized), the effi-
ciency peaked at the short wavelength end of the band (285 um) and was significantly lower
at long wavelengths. Overall, figure 5.22 showed that the measured efficiency was greater
with p-polarized light from 285 - 320 pm and from 320 - 500 um the efficiency was greater
for the s-polarized state. The next section will discuss the improvements that are underway
with the final configuration of the hybrid room-temperature/cryogenic PDPFTS. The final

section will discuss the current development status of the fully cryogenic PDPFTS.

6.2 Next Steps

The results presented in the final configuration from Chapter 5 indicated a few areas
of improvement which will be implemented for the next series of measurements. FTS
scans with the continuum source returned grating profiles that had slight asymmetries due

to phase errors in the measured interferograms. An FTS data processing pipeline which
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was developed by a previous student [94] is being modified to perform phase correction
iteratively by combining interferograms measured at adjacent grating angular (wavelength)
positions. By combining the phase information within the spectral band of the grating at
multiple positions it is possible to acquire additional information to phase correct the data
[95]. The corrected data will yield a more accurate representation of the true spectrum and
eliminate the need to study the power spectrum of the signal which has the adverse effect
of making the noise positive definite [84]. Once the improved phase correction algorithm
is completed, the data can be reanalyzed to reduce the uncertainty in the line profile.

Another minor issue that was identified from the grating independent results in the first
configuration presented in Chapter 4, as well as the data in the final configuration in Chapter
5, was the issue of stray/scattered light appearing in the grating spectral response profiles
measured with the photomixer source. Steps were taken before the final measurements in
Chapter 5 to coat the reflective components around the grating with an epoxy-carborundum
mixture, however, this did not completely eliminate stray reflections. An additional cryo-
genic aperture will be placed at the entrance of the diffraction grating to stop down the
width of the beam so it does not interact with the edges of the grating and the saddle. The
horizontal width of the beam is not critical to achieving the desired spectral response of the
grating since the entrance and exit slits are oriented horizontally, i.e. diffraction is occurring
in the vertical direction. Thus, as long as the beam incident on the grating is 50 mm in the
vertical direction, the horizontal width of the beam can be decreased without impacting the
spectral profile at the cost of a slight reduction in signal to noise.

The final issue which will be addressed in the next set of measurements is the uncer-
tainty in the absolute diffraction efficiency. As was discussed in Chapter 5, when the power
incident on the detector changes by more than two orders of magnitude as was seen be-
tween measurements with the grating in the optical path and with the flat mirror in the path,
detector nonlinearity is a problem. Due to the change in responsivity of the detector, there is

a gain factor applied to the data which is different for the grating measurements compared
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to the mirror measurements. In order to correct for the non-linearity, a simple measurement
can be made using a variable blackbody in which the temperature (signal power) is changed
by a known amount. By recording the change in signal amplitude measured by the detector
due to a known change in power, the responsivity can be measured with the grating in the
path and compared to the responsivity with the mirror in path. The data can be corrected for
nonlinearity to provide a more accurate determination of the absolute efficiency. However,
regardless of the amplitude uncertainties, the detector behaves linearly throughout the grat-
ing range and, therefore, the relative efficiency measurements are robust. The final steps in
the PDPFTS project are to incorporate a cryogenic FT'S module which is discussed in the

following section.

6.3 Future Work

While the hybrid room-temperature/cryogenic PDPFTS has been extremely useful in
verifying the performance of the grating spectrometer and in developing data processing
routines, the final PDPFTS configuration will employ a fully cryogenic source and polariz-
ing FTS to couple with the cryogenic grating and bolometer. Figure 6.1 shows a schematic
of the cryogenic PDPFTS layout. This thesis has discussed the overall development and
integration of the cryogenic diffraction grating spectrometer with the 0.3 K bolometer de-
tector. The next step will incorporate a cryogenic source module as an intermediate step be-
fore the cryogenic FTS is installed. A cryogenic PB1319 fiber-fed photomixer module has
been procured from Bakman Technologies which has a proven reliability at temperatures
as low as 4.5 K [96]. The cryogenic photomixer element is composed of low-temperature
grown gallium arsenide which has an operating optical wavelength between 760 - 785 nm.
Laser diodes and photonics components manufactured to operate within this wavelength
range are less readily available and more expensive compared to the 1550 nm equipment
required for the room-temperature photomixer module. However, for a line-source which

is able to provide terahertz radiation at cryogenic temperatures the extra cost is justifiable.
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Figure 6.1: An overview of the cryogenic PDPFTS configuration taken from [100]. The
system is characterized by four modules: the source, a polarizing FTS, a reflection diffrac-
tion grating, and a bolometric detector. The source module consists of a cryogenic pho-
tomixer (PM) and blackbody (BB). The source, FTS and diffraction grating all operate at 4
K within a large volume cryostat. The composite bolometer detector [72] operates at 0.3 K
within a *“He:>He:3He closed cycle refrigerator mounted in the cryostat.

Two tunable Photodigm PH789DBRO40BF 780 nm diode lasers [97] have been purchased
to integrate with the photomixer. The incorporation of the newly acquired photomixer will
allow the complete validation of the grating spectrometer at cryogenic temperatures. The
fully cryogenic configuration will be completely sealed in a 4 K environment with no room
temperature radiation able to reach the detector. Additionally, our group has been pro-
vided the flight-spare spectrometer calibration (SCAL) source developed for the Herschel
SPIRE instrument [98, 99]. SCAL provides thermal emission at cryogenic temperatures
(~4 K) and is able to reach temperature of 160 K with an input power of 10 mW [99]. The
diffraction grating spectrometer can be used to validate the performance of the cryogenic
continuum source before integration with the cryogenic FTS. Combining SCAL with the
cryogenic line source will allow the generation of accurate, synthetic astronomical spectra
at 4 K.

As mentioned in figure 6.1, the cryogenic PDPFTS is located within a large volume
cryogenic facility. Our group is currently developing a large facility cryostat (LFC) which
encompasses many of the design aspects used in the test facility cryostat (TFC) [66]. The
TFC was described briefly in section 3.2 and was used in the results presented in this thesis.
The LFC incorporates a 4 K working volume of 650mm x 650 mm x 250 mm and utilizes
two Cryomech PT-415 pulse tube cryocoolers; the same cooling system as the TFC. The

LFC has a large enough working volume to contain the source module, FTS module, grat-
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Figure 6.2: CAD rendering of the cryogenic PDPFTS within the 4 K volume of the LFC.
The scanning mechanism (green) is provided by ABB Inc.[101]. Auxiliary optics (yellow
and blue) couple light from the FT'S mechanism into the grating spectrometer (teal) and
the signal from the grating is measured by the bolometer detector (purple). Image credit to
Matthew Buchan (Blue Sky Spectroscopy Inc.) [73].

ing spectrometer, and the bolometer detector assembly. The final component required to
complete the cryogenic PDPFTS is the polarizing FTS which is currently being developed
by ABB Inc. [101]. The optical configuration of the FTS mechanism (FTSM) is a Mar-
tin Puplett interferometer with dual scanning rooftop mirrors which share a common apex
[101]. The novel FTSM scanning mechanism features ultra-low thermal dissipation (< 1.5
mW), mirror position accuracy of < 10 nm RMS and low vibration levels (30 ug/v/Hz), all
while operating at cryogenic temperatures (~4 K) [101]. A CAD rendering of the FTSM
mounted within the LFC is shown in figure 6.2. The space constraints within the LFC re-

quires the grating spectrometer to be mounted upside down on the top of the 4 K volume. A
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6.3. FUTURE WORK

considerable amount of work has already been completed in the development of the FTSM
and the LFC. The culmination of the PDPFTS instrument concept study will be achieved

upon the successful integration of the fully cryogenic PDPFTS within the LFC.
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Appendix A
Diffraction Through Apertures

This appendix will explore the phenomena of diffraction from theoretical descriptions out-
lined in classical electromagnetic wave theory. Measurements are taken with near-infrared
monochromatic light passing through apertures of different sizes and shapes. The data will
be compared with equations formulated by Fraunhofer in the far-field (distance to observing
screen >> wavelength of light) diffraction limit.

As was discussed in Chapter 2, section 2.3, the Fraunhofer diffraction integral is given
by:

y(P)=C [ e rstmggan [VW /m] (A.1)
N

which describes diffraction of light through an aperture with geometry specified by S; in
a plane screen as was shown in figure 2.3. The coordinates, p =1 —1, and ¢ = m —m,
describe the relative direction between the source position at (x,,y,,z,) and the observation
point at (x,y,z). The aperture geometries of interest in this investigation are the narrow slit
and circular aperture. The intensity of the Fraunhofer diffraction integral is found by taking
|w(P)|? over the surface S which includes the relevant aperture dimensions. The intensity
distribution for light diffracted through a narrow slit is given by [50]:

snikpe) )’

[Wm™2] (A.2)
kpa

1(p) = w(p)P=1, (

where k = ZT“ is the wavenumber, /, is the amplitude of the intensity, p = [ —1,, and a is
the width of the slit. The second geometry investigated was a circular aperture where the
diffracted intensity is give by [50]:

2
I(p)=1, (M) [Wm™] (A3)

kaw

where w is the positional vector in terms of polar coordinates, a is the radius of the aperture,
and Jj is the first-order Bessel function. The result is known as the Airy disk, named after
the astronomer who first derived it. The radius of the Airy disk is the distance from the
center of the profile to the 1st dark ring, g1, which is given by:

SA
q1 = 1.222—a [m] (A.4)
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A. DIFFRACTION THROUGH APERTURES
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Figure A.1: Experimental configuration to measure diffraction through apertures of differ-
ent shapes and sizes with a near-infrared (0.9 - 1.7 um) camera. A 633 nm laser is mounted
within the blue enclosure and a 1550 nm laser is mounted in an Eblana DX Laser Driver.
The fiber output from both lasers are input into a single-mode fiber which connects with a
2x2 fiber coupler. The coupled signal passes through a ~30 dB attenuator and into a Thor-
labs F220APC-1550 collimator. The 633 nm laser was used to align the system as is seen
with the red dot on the aperture screen (right image). The 1550 nm light then diffracted
through a hole in the screen and was imaged by the camera placed 10 cm away from the
screen. The computer shows the airy disk pattern arising from diffraction through a circular
aperture.

where S = |¢/| from figure 2.3.

Figure A.1 shows the experimental setup used to measure the Fraunhofer diffraction
pattern from a various apertures, including a slit and a circular aperture. A 1550 nm laser
1s used as the source in all of these results, however, a visible, 633 nm laser was fed into
the same optical fiber to assist with alignment. A WiDy SenS 640 near-infrared, NIR (0.9
- 1.7 um), indium galium arsenide, InGaAs, camera [102] was used to image the diffracted
intensity. The camera is comprised of 512 x 640 15 pm pixels which produce a high-
resolution image in the near-infrared. The first aperture screen used was a 1.0+ 0.1 mm slit
which was expected to return an intensity distribution described by equation A.2. Figure
A.2 shows the measured diffracted intensity for the camera placed a distance of 33.5 cm
from the slit (Ieft) and then the camera moved closer to a distance of 17.5 cm from the slit.
The data shows the characteristic sinc?(x) function and that the location of the first minima
is closer to the first maxima with a shorter observation distance. This is expected because
the coordinate, p, in equation A.2 increases with an increased observation distance leading
to a more narrow sinc profile.

The next results were taken with the aperture screen shown in figure A.3. Using the
ruler as calibration, the diameters of the holes were measured to be: 372 +20 um, 313 £20
um, 197 4+ 10 um, and 102 £ 10 pm from left to right (1-4). The measured results are shown
in figure A.4. The data were fit with the Airy disk function as per equation A.3 to extract the
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Figure A.2: Fraunhofer diffraction of 1550 nm monochromatic light through a slit as mea-
sured by a NIR InGaAs camera. The data on the left show the camera placed 33.5 cm from
the slit and the image on the right is with the camera placed 17 cm from the slit. The x and
y axes are labeled in terms of pixels where one pixel is equal to 15 pm. The scale shows the
relative intensity measured by the camera in arbitrary units.

I

Figure A.3: Thin, metal screen with circular holes of varying diameter used to measure
Airy disk patterns.
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Figure A.4: Fraunhofer diffraction of 1550 nm monochromatic light through 4 circular
apertures of different diameters. The data were fit with a 2D Airy equation to extract the
radius of the first fringe. From left to right, the fit returned radii of: 510 pm, 639 um, 984
um, and 1936 pm. The residual between the measured data and the fit are shown in the
bottom row.

radius of the first dark fringe, g1. From left-to-right the fit returned radii of: 510 um, 639
um, 984 pm, and 1936 um. The setup had the distance from the aperture to the camera set
at § =10 cm, and A = 1550 nm. Rearranging equation A.4 to solve for a returned diameters
of: 371 +£47 um, 314 456 pm, 192+ 15 um, and 98+ 15 um. The fitted values agree within
error with all of the measured values.

The last measurements utilized complicated geometries as shown in figure A.5. The
results measured with the NIR camera are shown in figure A.6. Clearly, there are some
symmetries present from the shapes of the apertures, however, it is more complicated to
theoretically model.
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Figure A.5: Metrigraphics aperture screen with various aperture shapes that were used to
measure complicated diffraction patterns.
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Figure A.6: Diffraction of 1550 nm monochromatic light through apertures with compli-
cated geometries.
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Appendix B

Fraunhofer Diffraction as a Fourier
Transform

The derivation of diffraction through a transmission grating begins by considering the
Fraunhofer diffraction integral as a Fourier transform. This section will employ similar
methods to those outlined in Chapter 3 of Observation and Analysis of Stellar Photospheres
by Gray [60].

Consider a wavefront incident on the plane of a transmission grating at an angle o with
the plane normal that gets diffracted at an angle 3 as was shown in figure 2.4 (b). The
incident wave with wavelength A can be expressed as [60]:

Y(E,1) = y,e?miGsine)/A [VW /m] (B.1)

where V, is a constant and & is the linear coordinate along the grating. The grating will
pass through the grating whenever & is within the dimensions of the slit and is assumed to
be completely blocked anywhere else. Therefore, the transmission function is given by:

G() = [1] (B.2)

1 for § along the slits
0 for § elsewhere

The diffracted wave is the sum of all contributions from incident line along the grating in
the direction of § which is found by integrating the transmission function with the incident
wave:

W(B) _ /o:oWOG(é)e2ni(§sinoc+§sinﬁ)/kd§ [\/W /m] (B.3)

The phase difference from the diffracted wave, 2n(Esin ) /A is taken into account inside
the integral. sino 4 sin 3 can be substituted with 6 which represents the overall phase shift
between the incident and diffracted waves. Taking & to be measured in multiples of the
wavelength this gives:

we) =v, [ T G(E)eP e VW /m] (B.4)

—00

One can recognize this as the Fourier transform of the transmission function, G(§), which
describes the diffracted wavefront [60]. Gray continues this derivation to show that the
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B. FRAUNHOFER DIFFRACTION AS A FOURIER TRANSFORM

transmission function for a simple line gating is given by:

G(§) = B1(§) *HI(§)Ba(§), [11 (B.5)

B (&) is a box function that defines the width of each slit and B, (&) defines the extent of the
grating. The Shah function (or Dirac comb) is a series of delta functions representing the
spacing of each slit, d: I11(§) =Y. 8(60 —n/d). B;(§) is convolved with the Shah function
to represent the slits of width s spaced equidistant of d apart and then the entire grating is
confined to the width given by B, (§). Substituting this into equation B.4, the result is:

Wsinmt(0 —n/d)W ssinmBs
n(0—n/d)W TOs

v(e) =) [VW /m] (B.6)

where W = N x d is the total length of the grating. The intensity is found by computing
1(8) = |y(8)|? and it is clearly shown that the result will be two sinc? functions; identical
to equation 2.36. Equation B.6 corresponds to the diffracted intensity distribution for a
transmission diffraction grating.
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Appendix C
Fourier Transform Spectroscopy

This appendix provides a brief introduction to Fourier analysis with respect to how it was
applied to process data measured by a Fourier transform spectrometer, FTS, provided by
Blue Sky Spectroscopy Inc. [73]. Fourier decomposition of light into its constituent com-
ponents can be achieved using several devices including a diffraction grating spectrometer,
Fabry-Pérot, FTS, etc. However, with respect to providing high-resolution spectroscopy of
astronomical sources in the far-infrared, the FTS is ideally suited with its broad spectral
coverage, high throughout, and well-known instrumental line shape [93]. A simple exam-
ple showing a FTS with a Michelson interferometer optical configuration [103] is shown in
figure C.1. Light from a monochromatic source at the object plane is divided into two equal
beams by a beam splitter which passes one beam towards a stationary mirror and the other
towards a movable mirror. The two beams are then reflected by their respective mirrors and
are recombined at the beam splitter. The recombined beams produce an interference signal,
known as the interferogram which is measured by the detector. As the mirror moves, the
path length traveled by one beam changes relative to the other which changes the phase be-
tween the two interfering beams. As was discussed in Chapter 2, constructive interference
occurs when the phase between the two monochromatic beams, 9, is equal to even multi-
ples of , & = 2nm, and destructive interference occurs when 8 = (2n+ 1)n. Thus, as the
mirror moves and d is varied, the detector plane will view bright (constructive interference)
and dark (destructive interference) fringes coinciding with the mirror position [84]. This
modulated signal, or interferogram, can be transformed to recover the frequency-dependent
spectrum which will be discussed in the next section [84, 104].

As was mentioned in Chapter 1, the spectrum from an astrophysical source is com-
prised of continuum and line emission and absorption. The spectral lines or features occur
from emitted or absorbed energy by atoms and molecules undergoing quantum transitions.
The types of transitions present in a spectrum give insight into the chemical composition,
structure, and physical environments of the source. The following section will describe the
analysis methods used to transform the FT'S measured interferogram into a spectrum.

C.1 Fourier Transform Analysis

Consider the Michelson interferometer FTS as shown in figure C.1. For an input source
of purely monochromatic light with a frequency, G,, and intensity, B(c, ), the intensity of
the interferogram as a function of the OPD, x, is given by [84]:

I,(x) = B(6,) [1 + cos(2m6,x)] . [W] (C.1)
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Figure C.1: Diagram taken from [84] showing the configuration of the Michelson interfer-
ometer. Light is incident from the object plane, gets collimated, passes through a 50:50
beam splitter and is either reflected towards a stationary mirror or passes through towards
a movable mirror. After the light reflects off of the mirrors it gets recombined at the beam
splitter and the combined signal is focused and then measured at the image plane.

For an input source composed of many frequencies the interferogram intensity is given by:
I(x) = / B(6) [1 + cos(2n6x)] do, W] (C.2)
0

where the source is now described by a superposition of cosines. Subtracting the mean
value of the interferogram, 1, (x), from I,(x) the result is:

1(x) = I, (x) — T, (x) = / B(6) cos(2m6x)do. W] (C.3)
0

Equation C.3 is referred to as Fourier synthesis because it describes a function /(x) which
is composed of sinusoids. There is also a reverse process known as Fourier decomposition
which describes how one can deconstruct a function, /(x), to retrieve the constituent sinu-
soids, B(c). The Fourier theorem states that an periodic, continuous function, f(x) can be

decomposed into a series of constituent sinusoids and cosines [84]:
fx) = / F(0)e¥™%d6 = F(o), [aw] (C4)

and F (o) is denoted as the Fourier transform (FT) of f(x). The reverse FT is given by:

F(o) = /:Of(x)eizmxdx = f(x). [au] (C.5)
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C.2. DATA PROCESSING

One of the advantages of the FTS is that it is a linear system; the presence of one source
excitation does not impact the system response to any other excitations [84]. Furthermore,
a factor multiplied to the source signal will identically multiply the response. Providing
that the detector response remains linear with respect to incident power, the principle of
superposition applies allowing the use of the powerful Fourier relations. Additionally, the
FTS response is generally time invariant, which when combined with the linearity, allows
the output of the FTS to be described by a convolution of an instrumental function, O(x),
with the input signal [84]. This allows the input signal to be easily reconstructed with a
knowledge of O(x).

For a real instrument, the mirror travels a finite distance and the system aperture is finite
as well. The travel distance of the mirror acts as a rectangular function multiplying an
otherwise infinitely wide inteferogram. This transforms to a sinc function convolving the
spectrum. Additionally, the finite optical aperture multiplies the spectrum by a recangular
function which corresponds to a sinc function convoluting the interferogram [84]. For
a monochromatic source with frequency, G,, the instrumental line shape function, O(c),
convolves with the ideal spectrum. O(G) is the combination of the finite path and aperture:

0(c) = [Qm ngmn (62:;:1 )] « [2Lsinc(2Lo)] [1] (C.6)

where €, is the solid angle projection corresponding to the maximum aperture extent and
2L is the maximum travel distance of the mirror. The observed spectrum is then given by:
B,ps(0) = B(0) * O(0), where B(0) is the ideal spectrum convoluted by the instrumental
line shape. See [84] for details of these calculations. The resolving power of the FTS is
related to the maximum optical path difference by:

c
R=—=2Ic 1 C.7
Ao [1] (C.7)
where the total travel distance of the mirror is 2L [84]. The next section will discuss the
program used to process the FTS data.

C.2 Data Processing

The previous section discussed the FT being applied to continuous functions, however,
areal signal is a sampled, discrete representation of a continuous signal. Instead of integrat-
ing the sinusoid and cosine components as in equation C.5, the discrete signal is described
by a summation:

N
F(ox) = Y F(xj)e o, [au] (C.8)
j=1

where x; are the sampled points along the interferogram, o) are the frequency sampled
points, and the summation is over N real data points [84]. The discrete Fourier transform
(DFT) calculation requires N> computations of the FT, which is a significant time con-
sumption for a high-resolution (large N) instrument. In 1965, a more efficient approach
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Figure C.2: CAD rendering of the cFTS developed by Blue Sky Spectroscopy Inc. [73] used
in this thesis. The optical configuration is a Martin-Puplett interferometer which utilizes
polarizers to split the radiation into two beams. The recombined beam then passes through
a third polarizer which encodes the polarization of the output signal.

was developed by Cooley and Tukey known as the fast Fourier transform (FFT) which is
now a standard library in most modern programming languages [105].

The interferogram data are processed using previous programs written in Interactive
Data Language, IDL [106]. The mirror is controlled by an Aerotech high-precision trans-
lation stage with a linear encoder [107]. As the mirror translates, a MC 1808X data ac-
quisition device [88] simultaneously records the position of the mirror from the encoder
and the signal from the detector. An array of mirror positions and signal measurements
is then sent to the computer where a program converts the position to OPD and plots the
signal in real-time. The raw interferogram is processed using a modified form of the ro-
bust data processing pipeline developed for the Spectral and Photometric Imaging Receiver
(SPIRE) imaging FTS flown on the Herschel Space Observatory [108]. For more details
on the data processing used specifically for the post-dispersed FTS refer to [95] and [94].
The FTS pipeline used in this thesis locates the position of zero path difference, ZPD, and
performs a phase correction routine to eliminate imaginary (asymmetric) components in
the signal since we are only interested in the real part of the signal. Once the interferogram
is corrected, it is transformed using the FFT algorithm and the spectrum is returned to be
analyzed. The next section will discuss the specifications of the calibration FTS (cFTS) pro-
vided by Blue Sky Spectroscopy Inc. [73] which was used in the measurements presented
in this thesis.
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C.3. CALIBRATION FTS SPECIFICATIONS

Table C.1: Specifications for the calibration FTS [73].

Parameter Value
Spectral Range 10 - 333 cm™! (1000 - 30 pm)
Spectral Resolution 0.016 cm™!
Resolving Power 625 - 20,813
Throughput 0.14 cm? sr
Vacuum Pressure <10 mTorr

C.3 Calibration FTS Specifications

The cFTS optical configuration is a Martin-Puplett interferometer, MPI, [109] as shown
in figure C.2. The specifications of the cFTS are listed in table C.1. The MPI configura-
tions incorporates three wire-grid linear polarizers to further encode the polarization state
onto the propagating beams. The first polarizer is configured either horizontal (p-plane)
or vertical (s-plane) such that an unpolarized source will lose half of its incident power.
The polarized light then travels to the polarizing beamsplitter which is oriented at 45° with
respect to the first polarizer which serves to reflect half of the beam and transmit the other
half. The last polarizer serves to encode the polarization of the recombined output. Com-
pared to the Michelson interferometer which uses a beamsplitter, the MPI is much more
efficient at far-infrared wavelengths [104, 109].
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