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Supervisor’s Foreword

After the recent successes of the far-IR missions IRAS, ISO and the Herschel Space
Observatory, the era of space interferometry beckons. Indeed interferometry is
indicated as the way forward in many fields and at all wavelengths with far-infrared
having the possibility of leading the way, thanks to the reduced metrology
requirements. Interferometry in space is on the other hand extremely challenging
and many attempts to jump-start studies and mission concepts have proven in many
cases ahead of their time or in dire need of technology development to raise the
feasibility of the proposed concepts.

One technique which has been proposed as an optimal candidate for future
far-infrared interferometry is double-Fourier-modulated spectral-spatial interfer-
ometry, with preliminary concepts being studied in both the US and Europe and
testbed demonstrators explored at both the relevant wavelengths and the to-scale
optical wavelengths. This technique, unlike standard photometry or spectroscopy
that are mainstream techniques, has to conquer an additional challenge which is to
be understood and adopted by a larger community that is often sceptical of new
techniques until data is produced robustly and in a reproducible manner. To achieve
the latter, an end-to-end physical simulator was coded to allow the astronomer who
is not familiar with this technique, as well as the instrumentation community to
visualize the potential of a mission concept adopting this technique, as well as the
implications of systematic effects introduced by given elements of such a payload
on the recovered data, in order to both plan the science capabilities and paramet-
rically test different configurations and observation modes.

This thesis describes the physics and the computational aspects of an end-to-end
simulator aimed at predicting the performance of a space-based far-infrared
interferometer, including the science capabilities and instrumental state of the art.
It outlines the requirements involved in such a mission and describes this most
promising technique to capture most of the astrophysical information by combining
spectroscopy with spatial interferometry.

The simulation of such a system is extremely complex requiring multiple Fourier
transforms each of which is subject to instrument non-idealities and appropriate
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optimization techniques. As a conclusion, the thesis provides an example of the
basic performance achievable with such an instrument when targeting a young star
formation region by running the simulator with a previously generated datacube and
recovering the astrophysical scene.

London Dr. Giorgio Savini
February 2016
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Preface

A large and growing number of astronomers recognize the importance of high
spatial and spectral resolution observations in the far-infrared. Half of the energy
emitted by stars and accreting objects comes to us in the far-infrared waveband and
has yet to be explored in detail. On the one side, to study the far-infrared wave-
length range there is a need for space observatories due to one main reason: the
Earth's atmosphere. On the other side, to achieve high angular resolution there are
two options: a very large aperture single dish telescope, or an array of smaller
telescopes, that is, an interferometer. It is possible for ground-based systems to
consist of very large apertures, but for space observatories there are launch
requirements that limit both the size and the weight of the telescopes. Hence, to
satisfy the community's sensitivity requirements in the far-infrared and in order to
improve the existing resolution in space, a space-based interferometer is the most
practical solution.

Far-infrared interferometer (FIRI) is a concept for a spatial and spectral space
interferometer with an operating wavelength range 25–400 µm and sub-arcsecond
angular resolution, and is based on the combination of two well-known techniques,
stellar interferometry and Fourier transform spectroscopy, to achieve high spectral
and spatial resolution in the far infrared. The resulting technique is called Double
Fourier Spatio-Spectral Interferometry (Mariotti and Ridgway 1988) or Double
Fourier Modulation. With an increased spatial and spectral resolution, a number of
interesting science cases such as the formation and the evolution of active galactic
nuclei and the characterization of gas, ice and dust in disks undergoing planetary
formation, among others, can be investigated.

In Chap.1 I give an introduction to far-infrared astronomy and the science cases
that could be studied with a double Fourier interferometer from space. An overview
of past, current and future instruments is given and the scope of this thesis is pre-
sented. In Chap.2 the theoretical background needed to understand the principles of
Double Fourier Modulation is presented. Starting with the basics of Fourier trans-
form spectroscopy, where the generation and sampling of interferograms is shown,
and stellar interferometry, with an emphasis on the uv-map generation, the link is
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made to explain analytically Double Fourier Modulation. The state-of-the-art data
synthesis techniques are also summarized.

In this thesis I present two approaches to study the feasibility of a FIRI system:

(a) An experimental approach via the Cardiff University-UCL FIRI testbed, a
laboratory prototype spectral-spatial interferometer to demonstrate the feasibility
of the double Fourier technique at the far-infrared regime, including the Wide-Filed
Imaging Interferometry Testbed at the Optical and Near-infrared regime located at
NASA’s Goddard Space Flight Center, both presented in Chap.3. My contribution
has been to the characterization of the system, data analysis and forward modelling
for the Cardiff–UCL FIRI testbed, and in the data analysis and verification for the
WIIT. Both systems are operational and ongoing, and the current issues and next
steps are shown.

(b) The Far-Infrared Interferometer Instrument Simulator (FIInS) to assess the
performance of a space-based system. The main goal of this software is to simulate
both the input and the output of such a system, which is the core of my research and
is described in Chap.4. With a modular design, the different components of the
software are explained, from the sky generator to the interferograms readout. The
modules will allow future instrument artifacts to be added to the simulator. It is also
capable of simulating different instrument configurations, i.e. boom-based or for-
mation flying interferometers.

In Chap.5 the interferograms generated by FIInS are processed and synthesized
to obtain the source information and to compare with the input sky map. In order to
verify the performance of FIInS, the parameters are tuned to simulate the Cardiff-
UCL FIRI testbed and the results obtained are shown.

FIInS is intended to be a tool available to the scientific community to test the
performance of such an instrument for the different science cases. In Chap.6 a
description and simulation of a selected science case, a circumstellar disk, is pre-
sented for both an ideal instrument (noise-free) and a more realistic instrument.
Finally, in Chap.7 a summary of the conclusions of the work in this thesis is
presented, as well as future work possibilities regarding the Cardiff-UCL FIRI
testbed and the possible extensions of the instrument simulator FIInS.

The work described here is the result of my Ph.D. research, which was started in
October 2010, defended in 2014. Dr. Giorgio Savini then suggested the nomination
of this thesis for publication in the Springer Theses series, and thanks to the
endorsement of Dr. David Leisawitz (NASA Goddard Space Flight Center) it was
accepted by Springer in July 2015. I would like to thank both of them for their
encouragement and support.

Washington, D.C. Dr. Roser Juanola-Parramon
February 2016
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Chapter 1
Introduction

“What makes the desert beautiful,” said the little prince, “is that
somewhere it hides a well...”

Antoine de Saint-Exupéry, The Little Prince

The astronomical community is showing a growing interest in the observation of
sub-millimeter waves with high angular resolution (sub-arcsecond) and sensitivity
in both spatial and spectral domain, because half of the energy emitted by stars and
accreting objects comes to us in the Far Infrared waveband and has yet to be explored
in detail.

To achieve such angular resolution there are two options: a very large aperture
single dish telescope, or an array of telescopes, this is, an interferometer. It is possible
for groundbased systems to consist of very large apertures, but for spaceobservatories
there are launch requirements that limit both the size and theweight of the telescopes.
In order to improve on the existing resolution in space, interferometry is therefore
the most plausible solution.

To study the Far Infrared wavelength range there is a need for space observatories
due to one main reason: the Earth’s atmosphere. The atmosphere presents a high
attenuation of the signal due to the absorption by water vapour, and the level of
atmospheric attenuation is a function of the line-of-sight water vapour concentration.
For this reason most of the ground based observatories are located at high altitude
sites. However, the only way to eliminate the atmosphere effect is to go to space.

There is another advantage about having a Far Infrared observatory in space.
When observing from the ground, both the telescope and the atmosphere are emit-
ting at around 300K with non-negligible values of emissivity, which represents a
very strong signal in the FIR region usually many orders of magnitude greater than
the target. This causes a degraded sensitivity, which can only be avoided by having
a space observatory, and even improved by cooling the optics to cryogenic temper-
atures. However, it is technologically challenging to cool large apertures in space to
cryogenic temperatures, which gives us an extra reason for the use of multi aperture
configurations.

© Springer International Publishing Switzerland 2016
R. Juanola-Parramon, A Far-Infrared Spectro-Spatial Space Interferometer,
Springer Theses, DOI 10.1007/978-3-319-29400-1_1
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2 1 Introduction

In this Thesis an instrument simulator for a Far Infrared space interferometer is
presented, as well as a test bed implementation of the technique intended to be used
to achieve high spectral and spatial resolutions from space. In this Introduction the
motivation for this system is given: from a general view of the Far Infrared astronomy
and the possible science cases, through the past and present Far Infrared instruments,
to FIRI, the concept of a space based Far Infrared Interferometer.

1.1 Far Infrared Astronomy

The Far Infrared and submillimeter wavelength range, which spans from 25µmup to
1mm, is of significant importance to astronomy. Its potential ismost clearly illustrated
by considering the three main components that dominate the electromagnetic energy
content of the Universe shown in Fig. 1.1.

The dominant component is the microwave background produced by the primor-
dial Universe at recombination (z ∼ 1089). The second most important is the FIR
background, produced by galaxies in the young Universe. The third is the optical
background dominated by evolved stars/galaxies and AGN (Dole et al. 2006). The
first and third of these components have now been mapped in detail over the entire
sky, while virtually no sky has been imaged in the FIR to any reasonable depth.

Fig. 1.1 Schematic Spectral Energy Distributions (SED) of the most important (by intensity) back-
grounds in the Universe, and their approximate brightness in nW m−2 sr−1 written in the boxes.
From right to left the Cosmic Microwave Background (CMB), the Cosmic Infrared Background
(CIB) and the Cosmic Optical Background (COB) [Credit Dole et al. A&A, 451(2), 417–429, 2006,
reproduced with permission c©ESO]
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1.1.1 The FIR Gap

TheFIRwavelength region is the least explored part of the electro-magnetic spectrum
yet it provides uniquely powerful tools to study material associated with the earliest
evolutionary stages of galaxies, stars and planets. So with increased spatial and
spectral information, a number of interesting science cases can be investigated as
proposed by Helmich and Ivison in the ESA’s Cosmic Vision 2015–25 program
(Helmich and Ivison 2009).

Figure1.2 shows the ‘FIR gap’. With interferometric angular resolution of the
order of 0.02 arcsec at 100µm, aswell as sufficient sensitivity to allowphoton-starved
spectroscopy across an arcmin field of view in the 25–400 µm band, a Far Infrared
Interferometer would allow the study of objects from nearby planetary systems to the
highest red-shift galaxies. For example, in the Far infrared, such an instrument could,
but would not be limited to (a) characterise gas, ice and dust in disks undergoing
planetary formation, (b) resolve the Cosmic Infrared Background, (c) investigate the
formation and evolution of AGN, (d) trace Milky Way type galaxy formation, (e)
investigate Star Formation and (f) characterise exoplanets.
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Fig. 1.2 Resolution parameter space as a function of wavelength/frequency for existing and in-
construction facilities. The FIRI expected angular resolution is compared to other current and future
facilities. Dashed lines are to indicate ground-based facilities
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1.1.2 FIR Science Cases

Being able to access the FIR gap would mean the capacity to perform high resolution
observations at the Far Infrared wavelength range where a wide variety of science
cases can be studied, such as observations of nearby massive star formation regions,
the study of galaxy formation and evolution, and even the resolution of the FIR
background at the high red-shift Universe.

Basically this wavelength range allows a unique probe into objects during their
formation as it provides direct access to the peak of the lower temperature black-
body emission from the dust which enshrouds them and to a wealth of atomic and
molecular spectral lines critical in understanding their energy balance and chemical
evolution.

Separated in four general groups, the science cases the astronomical community
is currently more interested in are presented below according to the White Paper
submitted in response to the European Space Agency’s call for the L2 and L3 L-
class missions (Sauvage et al. 2013).

1.1.2.1 Protoplanetary Disks and Planet Formation

Most planetary systems are pervaded by dust due to the planet formation process,
where through coagulation of dust and gas accretion in the disks that develop during
the collapse and infall ofmassive protostar envelopes planets are formed. By studying
the structure and dynamics of this dust, which is very bright at the Far Infrared
wavelengths, one can gain information on how such systems were formed. Once the
planets are formed, as their motion influence the distribution of the dust, planetary
orbits can be traced.

Figure1.3 (left) shows an artist’s impression of the disk of gas and cosmic dust
around the young star HD142527. The ALMA interferometer has allowed the obser-
vation of vast streams of gas flowing across the gap in the disk, expected to be created
by giant planets accreting gas as they grow.

The emission of organic molecules that could be the building blocks of life in
the Universe, such as ammonia and water, can be observed at the FIR region of
the spectrum as well. Understanding the contents and chemistry of the Inter Stellar
Medium (ISM) can be beneficial to asses the potential for life in these planetary
systems.

1.1.2.2 Star Formation

Studies of single stars in low-mass star forming regions have provided a general
picture of star formation starting with the collapse of dense cores in interstellar
molecular clouds, moving through the protostellar classes and ending with a main
sequence star (McKee and Ostriker 2007) as explained in the Young Stellar Objects
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Fig. 1.3 (Left) Artist’s impression of the disc and gas streams around HD 142527 [Credit ALMA
(ESO/NAOJ/NRAO)/M. Kornmesser (ESO)]. (Right) A Herschel PACS and SPIRE false colour
map of Vela C (red = 250 µm, green = 160 µm, blue = 70 µm), highlighting regions of intense
feedback (e.g. butterfly shaped RCW 36 in blue), the filamentary network, with the massive Vela
ridge in the RCW 36 region, and cores forming stars [Credit ESA/PACS and SPIRE Consortia, T.
Hill, F.Motte, Laboratoire AIMParis-Saclay, CEA/IRFUCNRS/INSUUni. Paris Diderot, HOBYS
Key Programme Consortium]

(YSO) classification (Lada 1987). However, there is not as much knowledge on the
formation of higher mass stars (>8M�) because they are rare and distant, and it is
the formation of the latter which controls the chemical and dynamical evolution of
galaxies. Also the initial mass function (IMF), the distribution of stellar masses at
birth which is one of the fundamentally important parameters in astrophysics, is not
well constrained because of the lack of sufficiently resolved regions on which to
study its emergence.

Herschel observations of high-mass star forming regions have shown additional
structural properties, this is the presence of very dense filaments, called ‘ridges’,
together with a network of smaller filaments connected to the ridge (Hill et al. 2011;
Hennemann et al. 2012; Minier et al. 2013). Figure1.3 shows Vega C (PACS and
SPIRE false colour map) where it can be observed the filamentary network and a
ridge, and cores forming stars. These ridges are not properly understood yet, and
unfortunately Herschel could not resolve the high-density regions in high-mass star
forming clouds due to their distance. However, having access to 1 arcsecond reso-
lution at 100 µm from space to avoid studies through a variable atmosphere would
potentially clarify the process of mass accretion through ridges.

1.1.2.3 The Nearby Universe

When access to the smallest physical scales is available the Galaxy is the target of
choice. However, there are a number of fundamental limits to these observations,
such as distance ambiguities and line-of-sight pile up. In order to expand the current
studies only performed in the Galaxy, one needs to have access to high angular
resolution to observe objects in different evolutionary or energetic stages.
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For example, one could use FIR spectroscopy at high angular resolution to disen-
tangle emission from Active Galactic Nuclei (AGN) and starburst within the nuclei
of the galaxies. AGNs are of fundamental importance in astrophysics, because by
converting gravitational energy into radiation they are the most powerful objects in
the Universe. It is thus important to study the AGN feeding and feedback as well as
the accretion physics.

There are two main reasons why there is a need for MIR/FIR observations for dis-
entangling the complex interactions accruing near AGNs. First, the regions are often
heavily obscured at shorter wavelengths and second, this spectral region contains
a large amount of atomic and molecular lines covering a wide physical parameter
space.

Herschel provided unprecedented sensitivity for FIR spectroscopy and improved
the angular resolution over ISO, but it was not enough to differentiate spatially the
AGN and starburst components. With 0.1–1 arcsecond angular resolution almost all
the components of nearby AGNs (Cen A, NGC 1068, Circinus) could be resolved,
from the molecular torus (10pc) out to the outflow and jet structure (1kpc).

1.1.2.4 The Evolving Universe

The most dramatic phase of evolution for AGNs and their host galaxies occurred
between z ∼ 3 and the present day, which represents a period of 11.5 Gyr (84% of
the age of the Universe).

The first luminous objects in the Universe appear at around 100 Myr after the Big
Bang. At these epochs, due to the Lyman opacity of hydrogen observations at optical
or NIR wavelengths are impossible. The bulk of galaxy formation is thought to occur
after reionization, between 500 Myr and 6 Gyr after the Big Bang, but nearly all of
the stellar and black hole mass build-up in these galaxies occurs while shrouded in
dust. For this reason, FIR observations are essential to understand how these galaxies
are forming.

It is also essential to reach arcsecond to sub-arcsecond resolution because it will
break free the confusion limit thatmarred theHerschel survey.Moreover, such spatial
resolution would sample sub-kpc structure at any redshift (∼0.8 arcsecond at z = 1
to z = 3, and even better at z < 1).

In summary, there is an obvious need for sub-arcsecond angular resolution at the
FIRwavelength regime to observe astronomical targets that can unveil unprecedented
knowledge.

1.2 Far Infrared Astronomy Instruments

Currently there is a lack of observational capability in the Far Infrared. ALMA
(Wootten and Thompson 2009) will explore a number of wide atmospheric windows
at millimeter wavelengths, and at longer wavelengths in the radio region astronomers
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have made use of large interferometry arrays to produce high spatial resolution infor-
mation, and will continue with LOFAR (Röttgering 2003), e-MERLIN (Garrington
et al. 2004) and SKA (Dewdney et al. 2009). With JWST (Gardner et al. 2006) near
and mid infrared wavelengths astrophysics will be covered with high sensitivity and
high angular resolution data up to 28.5 µm. In the Far Infrared region instruments
such as SPIRE, HIFI and PACS on the Herschel (Pilbratt et al. 2010) space Observa-
tory provided unprecedented data and further improvements will occur with SAFARI
on SPICA (Swinyard and Nakagawa 2009) thanks to the reduced thermal emission
of a 4K-cooled primary mirror, but there is still one drawback: the spatial resolution.

To achieve high angular resolution one needs to use interferometry, and to operate
at the Far Infrared the best scenario is a space based system, where there is no atten-
uation from the atmosphere. With this requirements the Far Infrared Interferometer
concept, FIRI, is defined.

1.2.1 Past and Present FIR Instruments

IRAS (Neugebauer et al. 1984) is often credited for opening our window on the dusty
Universe. Over the course of 300 days in 1983 it surveyed 96% of the sky at 12,
25, 60 and 100 µm, discovering not only Vega-type debris disks and thousands of
hot, dense, star-forming cores in our Galaxy, but also a new class of dusty, gas-rich
starbursts, which is now known to be the tail end of a more numerous population
of luminous, dusty starbursts at higher redshift: submm-selected galaxies (SMGs,
Smail et al. 1997).

In 1995, ESA’s cryogenic Infrared Space Observatory (Kessler et al. 1996)
(ISO) was an unprecedented success, with almost 1000 high-impact refereed papers
describing major scientific insights, particularly the discovery of crystalline features
in objects ranging from comets to proto-stellar disks, the first detection of FIR water
lines, the confirmation of evolution in the LIRG (∼1011 L�) population from z = 0
to 1 via deep 15 µm imaging, the discovery of cold (∼20 K) dust components in
normal, inactive spirals at 175–200 µm, and the development of diagnostic ratios
via spectroscopy of cooling lines and PAHs (Genzel and Cesarsky 2000). Despite
pioneering breakthroughs in the FIR regime, IRAS, ISO and Spitzer have provided
only a glimpse of what is to come. Their angular resolution, around 60 arcsec at 200
µm,makes source confusion amajor issue at only moderate depths at the wavelength
where the energy density from galaxies is greatest.

NASA’s Spitzer space telescope (Werner et al. 2004), and more recently ESA’s
Herschel space observatory, both provide large area survey atlases across this FIR
wavelength range. However, for most science cases, neither telescope has sufficient
angular resolution to probe individual targets of interest in detail, and thereby study
the physical processes which govern these sources.

ESA’s Herschel, launched in 2009, has yielded a major breakthrough for FIR
astronomy. Its spatial resolution at 200 µm is five times better than ISO and this
has allowed imaging photometric and spectroscopic observations of the interstellar
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Fig. 1.4 FIR instruments in chronological order from left to right IRAS (1983), 0.6-m dish cooled
at 2K and operating at 12, 25, 60 and 100 µm; ISO (1995), 0.6-m dish cooled at 2–3 K operating
in the band 3–200 µm; Spitzer (2003), 0.85 m dish cooled at 4K operating in the band 3–180 µm;
Herschel (2009), 3.5-m dish cooled at 80K operating in the band 55–670 µm. [Credit, respectively:
NASA/JPL; ESA; NASA/JPL-Caltech; ESA/AOES Medialab, background from Hubble Space
Telescope image (NASA/ESA/STScI)]

medium (ISM) in our Galaxy and its neighbours. Herschel has also extended the
wavelength coverage into the short wavelength sub-mm waveband (200–670 µm)
for the first time. Source confusion, however remains an issue. In even relatively short
integrations there are unresolved sources which limit the depth of an observation.
This is true for both extragalactic and Galactic observations, with distant galaxies
dominating the noise even inmoderately luminous regions of the plane of the Galaxy,
an effect already noted by researchers searching for debris disks in Spitzer images.

Figure1.4 shows, in chronological order, the satellites just presented. IRAS (1983)
was providedwith a 0.6m telescope cooled at 2K, operating at 12, 25, 60 and 100µm.
ISO (1995) had only a single dish telescope of 0.6m cooled at 2–3 K but operating in
the band 3–200 µm. Spitzer (2003) increased the dish size to 0.85m and was cooled
to 4 K, still operating in a similar band as ISO (3–180 µm). Finally Herschel (2009)
represented a huge increase of spatial resolution due to its 3.5m telescope diameter
cooled at 80 K. Its band of operation was from 55 to 670 µm.

1.2.2 Ongoing and Future FIR Instruments

On the ground, the Atacama Large Millimeter/submillimeter Array (ALMA) is
located in the Chile’s Atacama desert. Its initial configuration is composed of 66
antennas with a possible extension in the future. ALMA is entering operation Cycle
2 in June 2014 (with 6 of its 10 spectral bands) and has already shown enormous
potential in exploring the high-spatial resolution FIR-mm wave window in its early
test runs. In Cycle 2 thirty four 12-m antennas in the main array (12-m Array), and
nine 7-m antennas (7-m Array, for short baselines) and two 12-m antennas (Total
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Power Array or TP Array, for making single-dish maps), which together constitute
the Atacama Compact Array will be available.

The James Webb Space Telescope (JWST) will be a large infrared telescope with
a 6.5-m primary mirror.With its Mid-Infrared Instrument (MIRI) is expected to enter
routine operation after 2018–20. It will also contain three more science instruments,
the Near InfraRed Camera (NIRCam), the Near InfraRed Spectrograph (NIRSpec),
and the FineGuidance Sensor/Near InfraRed Imager andSlitless Spectrograph (FGS-
NIRISS), designed to work primarily in the infrared range of the electromagnetic
spectrum, with some capability in the visible range. It will be sensitive to light from
0.6 to 28 µm.

Both these facilities shown in Fig. 1.5 will represent a significant improvement in
angular resolution in the sub-mm to mm wavelength ranges and in the mid-infrared
respectively, but a gap will be left in the important FIR window, wherein the best
resolution possible will be 2–3 orders of magnitude worse than the surrounding
spectral ranges.

The SPICA FIR space mission, project initially led by JAXA and the successor
of AKARI, is intended to become operational within the next decade, around 2026.
With a 3.5m diameter telescope cooled to 4.5K it is designed to also observe at
longer wavelengths (3.5–210 µm) than the JWST. It will be a key technical and
scientific precursor to FIRI, although it will have an angular resolution similar to
that of Herschel and will fail to close this FIR resolution gap. Currently there are
major changes in roles of international partners, and there is a plan for re-entering
the open competition in the ESA Cosmic Vision program for an M-class mission.

A large, single aperture in space would provide unprecedented increases in sensi-
tivity and mapping speed over any existing or planned facility, particularly if actively
cooled. However, it is clear that to make significant advances onHerschel and SPICA
in all areas of astronomy, from nearby planetary systems to the highest red-shift
galaxies, even the largest conceivable dish would be inadequate. These fields of

Fig. 1.5 (Left) Artist conception of the ALMA array with roads, in the extended configuration.
Credit ALMA (ESO/NAOJ/NRAO). (Right) Model of the James Webb Space Telescope, located
at NASA Goddard Space Flight Center
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study call for exquisite angular resolution of the order of 0.02 arcseconds at 100
µm, as well as sufficient sensitivity to allow photon-starved spectroscopy across an
arcminute field of view in the 25–400 µm band.

An example of this achievable spatial resolution is portrayed in Fig. 1.6 where a
comparison with Herschel and Spitzer beam footprints is made on a simulated JWST
deep field. Here the study of single galaxies would be possible beating the current
confusion limit.

Two instruments have been extensively studied and proposed so far regarding
space interferometry: the Space Infrared Interferometric Telescope (Leisawitz et al.
2007) (SPIRIT), as a practical step towards the more ambitious Submillimeter Probe
of the Evolution of Cosmic Structure (Harwit et al. 2007) (SPECS), and the Far
Infrared Interferometer (FIRI).

In 2007, NASA’s SPIRIT was proposed as a Far Infrared observatory from space
for high-resolution imaging and spectroscopy operating at the 25–400 µm range.
The concept consists in a two 1-m telescopes boom-based interferometer providing
a 0.3 arcsecond resolution at 100µm and a spectral resolution of R = 3000. With this
characteristics, some of the science cases presented earlier in this chapter could be
addressed. During the past decade technology and mission concept development has
been reported, and SPIRIT was selected by NASA for study as a candidate Origins
Probe mission. During the next decade technology development is expected to meet
the requirements for such a mission, from technology maturation to telescope and
instrument tested buildup, integration and testing.

Fig. 1.6 Simulated 30
arcsecond JWST deep field,
illustrating FIRI’s ability to
distinguish the emission
from individual galaxies. For
comparison, the Spitzer
resolution at 160 µm is
shown, as well as the
Herschel beam. FIRI’s
subarcsecond synthesised
beam, red dot, is barely
visible even in the blown-up
arcsecond2 image

Spitzer

Herschel
 

FIRI
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In 2006, as part of the ESA’s CosmicVision 2015–25 program, FIRIwas proposed
to carry out high-resolution imaging spectroscopy in the FIR range of wavelengths.
The FIRI mission concept consisted in three cold 3.5-m apertures orbiting a beam-
combining module with a separation of up to 1 km (free flying or tethered) operating
in the range 25–385 µm. The technique selected was direct detection interferom-
etry to ensure μJy sensitivity and 0.02 arcsecond angular resolution at 100 µm
and a spectral resolution >3000. Unfortunately, FIRI was not selected because to
enable a mission as complex as FIRI substantial technology development effort is
still required, specifically in the field of cooling, optics and detector technology, and
metrology.

1.3 The Sub-arcsecond Space-Based FIR Interferometer

Earlier in 2013, as a response to the call for White Papers for the definition of the L2
and L3missions in the ESA Science Programme, and following the steps of the 2006
proposal a new sub-arcsecond far-infrared space observatory was presented. This
White Paper was the result of an European collaboration lead by Ivison, Helmich
and Sauvage.

1.3.1 Mission Concepts

Focusing in the science cases presented before which all require a 0.1–1 arcsecond
angular resolution at 100µm, three straw-man conceptswere proposed and are shown
in Fig. 1.7: TALC (left), FIRIT (centre) and ESPRIT (right).

The TALC (Thinned Aperture Light Collector) concept consists of a 20m diam-
eter deployable aperture. It explores some unconventional optical solutions between
the single dish and the interferometer in order to achieve a very large aperture by

FIRIT ESPRIT TALC 

Fig. 1.7 Straw-man concepts proposed in the White Paper for the definition of the L2 and L3
missions in the ESA Science Programme presented by Ivison, Helmich and Sauvage. A deploy-
able large aperture telescope TALC (left), a direct imaging interferometer FIRIT (centre) [Credit
NASA/GSFC] and a heterodyne interferometer for the FIR, ESPRIT (right)
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overcoming the constraints of launching a big single dish aperture to space. However,
an unconventional optical design requires to combine data acquisition with uncon-
ventional data processing techniques, which are currently under development. The
TALC mirror is a segmented ring of 20-m diameter and 3-m width, reaching a 0.9
arcsecond angular resolution at 100 µm. It is intended to be cooled at 80 K, and
simulations show that a 0.1 mJy 5σ -1h can be achieved.

FIRIT is a concept for a conservative design of a direct imaging interferometer.
With sub-arcsecond spatial resolution, this option is based on the pre-existing ESA
CDF study (2006) for FIRI and the SPIRIT concept. This design consists of the
combination of input beams from two telescopes, moving along an unfolding or tele-
scopic boom, in a third hub unit with the detecting part of the payload. A promising
option for the payload is the Double Fourier Modulation technique, which allows
spectral and spatial interferometry to be performed simultaneously in a single instru-
ment. With two 1-m dishes on a 36-m boom, or potentially more depending on the
mission time frame, a band from 25–400 µm would allow a spatial resolution of
0.18 and 2.8 arcseconds, respectively. In the next Section more details regarding this
instrument concept are given.

Finally, ESPRIT (Wild et al. 2008) is a concept for a heterodyne interferometer for
the Far Infrared. The design would consist in four 3.5-m diameter dishes separated
up to 50m in a free flying configuration in order to achieve∼1 arcsecond resolutions
at 200 µm (for comparison with FIRIT, 0.13 arcseconds at 25 µm; 2.01 arcseconds
at 400 µm, although current technology is now reaching 2.7 THz, this is ∼110 µm).
The uv-plane would be filled by letting the dishes drift with respect to each other, and
to guarantee optimal image quality phase-closure and self-calibration would have to
be employed. The main advantage of this system is that the heterodyne principle
creates a long coherence length allowing for relaxed positioning requirements.

1.3.2 FIRIT—Direct Imaging Interferometry

As presented before, the work described in this Thesis is related to the FIRIT con-
cept regarding the detection technique. However, different instrument scenarios are
considered.

Recent developments for a balloon based experiment, BETTII (Rinehart et al.
2009; Rinehart 2010a, b, 2011; Rinehart and BETTII Team 2010; Leisawitz 2008),
and space based spectral-spatial interferometers such as SPIRIT (Leisawitz et al.
2007, 2008; Leisawitz 2008), SPECS, FIRI have identified that some technology
needs to be developed and demonstrated, for example high sensitivity detectors
(NEPs ∼ 10−20 W/Hz1/2), cooled apertures, beam combination and data process-
ing algorithms. In all these proposals, the common point is the technique employed
to perform observations, the Double Fourier Modulation.
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1.3.2.1 Double Fourier Modulation

To achieve the angular resolution and sensitivity required for FIRI, one can use the
so-called Spectral-Spatial Interferometry, Double FourierModulation, multi-Fourier
Transform Spectroscopy or Double Interferometry (Mariotti and Ridgway 1988;
Ohta et al. 2006, 2007), as a result of a combination of two well-known techniques:
Stellar Interferometry and Fourier Transform Spectroscopy.

Stellar Interferometry Interferometric techniques in astronomy are based on the
Michelson interferometer. Two telescopes mounted on a baseline are separated
by a distance d, and the light collected is combined on a beam splitter. By using a
delay line the geometrical delay introduced by the sidereal motion of a star across
the sky is compensated. At the detector plane the fringes are measured. Changing
the baseline corresponds to being sensitive to different spatial frequencies.

Fourier Transform Spectroscopy Basedon theMichelson interferometer, this tech-
nique allows determination of a source spectral distribution. The light of a source
is divided and recombined after introducing a variable delay on one of the optical
paths. At the detector an interferogram is recorded, and by Fourier transforming
it, the source spectral distribution can be obtained.

For the combination of these two techniques, instead of dividing the light from
the source with a beam splitter, one uses two apertures and recombines the incoming
light from these two apertures. More theoretical details are given in Chap.2, and the
testbed demonstration of this technique in the Far Infrared is presented in Chap.3.

1.3.2.2 Designs Under Consideration

Three different designs have been identified as possible candidates for a future Far
Infrared space-based interferometer operating in the 25–400 µm wavelength range.

The first one is a boom-based system. Based on NASA’s SPIRIT, it consists of
two 1-m apertures separated up to 36m on a boom. By using a boom the metro-
logy requirements are more relaxed, but it also limits the maximum baseline of the
interferometric system. In this case, one would be able to observe with an angular
resolution of 0.3 arcseconds at 100 µm. This is the most conservative design.

Going one step further, a tethered version is under consideration. For example, if
using two 2-m apertures and a tether of up to 100m in length an angular resolution of
0.1 arcseconds could be achievable at 100 µm. This concept is similar to a reduced
version of SPECS, which consists of a tethered interferometer with 3-m apertures
separated up to 1 km, providing an angular resolution of 0.01 arcseconds at 100 µm.

Finally, the most ambitious concept is the free flying configuration. This would
allow kilometric baselines which would provide an angular resolution of 0.01 arc-
seconds at 100 µm. However, the metrology requirements for the positioning of the
telescopes is more restrictive than in the previous concepts due to the fact that there
would be no rigid structure holding the different elements together.

http://dx.doi.org/10.1007/978-3-319-29400-1_2
http://dx.doi.org/10.1007/978-3-319-29400-1_3
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In the ESA’s CDF Study Report one can find a full description of the optics
involving the configurations just presented including the identification of the critical
technologies.

1.3.2.3 Current Efforts

Recently theResearchExecutiveAgency (REA)has started sponsoring twoactivities:
the FP7-SPACEKIDS and FP7-FISICA.

The three-year SPACEKIDS project is working on the development of a new
detector technology, Kinetic Inductance Detectors (KIDs), to be used in future space
missions. The new detectors will be capable of working at extremely low tempera-
tures and will be designed for use in future satellites for astronomy and for the study
of the Earth’s atmosphere.

FISICA (Far Infrared Space Interferometer Critical Assessment) is also a three
year project for the definition and technology development for the next generation
THz space interferometry, more specifically to advance beam-combination, cryo-
genic delay lines, position metrology and to create a representative instrument simu-
lator for a direct detection interferometer. The instrument simulator presented in this
Thesis will form the basis of the first version of the FISICA simulator.
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Chapter 2
Theoretical Background

The fundamentals of Spectro-Spatial Interferometry (Mariotti and Ridgway 1988),
also called Double Fourier Modulation (DFM) or Multi-Fourier Transform Spec-
troscopy (Ohta et al. 2007, 2006), are presented here and provide the background
for the understanding of the following chapters.

The goal of Double Fourier Modulation is to measure the spectral and spatial
characteristics of an object simultaneously and it can be understood as the combi-
nation of two well known techniques: Fourier transform spectroscopy (FTS) and
Stellar Interferometry. The literature regarding both FTS and Stellar Interferometry
is extensive, and the concepts presented here are the ones related to the work of
this Thesis.

In Sect. 2.1 the theoretical background of Fourier Transform Spectroscopy is pre-
sented. The starting point is the Michelson Interferometer, as the design of many
interferometers used today are based on the Michelson original design from 1891.
Special emphasis is after given to the generation and sampling of the interferograms,
as a correct measurement of a source spectrum is strongly related to the selection of
the instrument parameters. Finally the procedure for the recovery of the spectrum is
described.

In Sect. 2.2 the fundamentals of Stellar Interferometry are shown. Starting with
the Young’s double slit experiment the interferometric observables are explained,
this is, the complex visibility function. The data synthesis relevant to the work of this
thesis is then presented. Finally, in Sect. 2.3 the concept of Multi-Fourier Transform
Interferometry is developed.

© Springer International Publishing Switzerland 2016
R. Juanola-Parramon, A Far-Infrared Spectro-Spatial Space Interferometer,
Springer Theses, DOI 10.1007/978-3-319-29400-1_2
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18 2 Theoretical Background

2.1 Fourier Transform Spectroscopy

Fourier Transform Spectroscopy (FTS) is a widely used technique (Griffiths and
de Haseth 2007) based on the Michelson interferometer for the determination of the
spectral distribution of a source. The light of a source is divided and recombined after
delaying one of the optical paths as a function of time to generate an interferogram
recorded with a detector. This interferogram is consequently Fourier transformed to
obtain the source spectral distribution. In this section the principles of operation of
the Fourier transform spectrograph are presented, with emphasis on the sampling of
the interferogram and the spectrum reconstruction algorithms.

2.1.1 The Michelson Interferometer

The design of many interferometers used for infrared spectrometry today is based
on that of the two-beam interferometer originally designed by Michelson (1891a,
b, 1903) in 1891. The Michelson interferometer is a device that generates an inter-
ference pattern by splitting a beam of light into two paths and recombining them.
The introduced spatial delay of one of the optical paths causes the appearance of
fringes by forcing constructive or destructive interference. By recording the power
at different spatial positions an interferogram is acquired.

Figure2.1 shows the simplest form of a Michelson interferometer. It consists of
two perpendicular planemirrors, one fixed and onemovable to introduce the required

Fixed Mirror 

Movable 
Mirror 

Direction of travel 

Beamsplitter 

Detector 

Source 

Fig. 2.1 The simplest Michelson interferometer, consisting of two mutually perpendicular plane
mirrors, one of which can move along an axis that is perpendicular to its plane. A collimated light
source (red) reaches the beamsplitter, which splits the light in two paths: reflected (blue arrow)
and transmitted (green arrow). The fixed mirror reflects the light back to the beamsplitter, and the
movable mirror reflects the transmitted light to the beamsplitter, where they interfere
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delay, and a beamsplitter. The beamsplitter partially reflects and partially transmits
a collimated beam of radiation from an external source. The beams then return to
the beamsplitter where they interfere and are again partially reflected and partially
transmitted.

The optical path difference (OPD) between the beams that travel to the fixed and
movable mirror and back to the beamsplitter is called retardation, δ. When the path
length on both arms of the interferometer are equal, the position of themovingmirrors
is referred to as the position of zero retardation or zero path difference (ZPD). The
two beams are perfectly in phase on recombination at the beamsplitter, where the
beams interfere constructively and the intensity of the beam passing to the detector
is the sum of the intensities of the beams passing to the fixed and movable mirrors.
Therefore, all the light from the source reaches the detector at this point and none
returns to the source. To understand why no radiation returns to the source at ZPD
one has to consider the phases on the beam splitter.

2.1.1.1 Phases on the Beam Splitter

A beam that is reflected by a mirror at normal incidence undergoes a phase change
of π . However, the phase difference between the reflected and the transmitted beams
from a beam splitter is π/2: the beam that is reflected undergoes a phase change of
π/2 while the phase of the transmitted beam remains unchanged (Lawson 2000). In
this section this statement is proved.

First consider an ideal, thin and symmetric beam splitter. The relative amplitude
and phase shift of the reflected wavefront are r and δr , and the relative amplitude and
phase shift of the transmitted wavefront are t and δt , respectively.

The source emits a beamwith amplitude E0 which is split into a reflected complex
amplitude reiδr and a transmitted complex amplitude teiδt . Each beam is reflected by
a perfectly reflecting mirror and returned to the beam splitter, where the beams each
split again. The output or emerging amplitudes towards the detector (Ed) and towards
the source (Es) are

Ed = E0re
iδr teiδt + E0te

iδt reiδr

= 2rtE0e
i(δr+δt) (2.1)

Es = E0re
iδr reiδr + E0te

iδt teiδt

= E0
[
r2ei2δr + t2ei2δt

]
(2.2)

The corresponding intensities of the incident beam (I0) and the emerging beam
(Id and Is) are

I0 = E0E
∗
0 = |E0|2 (2.3)

Id = EdE
∗
d = |E0|24RT (2.4)

Is = EsE
∗
s = |E0|2

[
(R − T)2 + 4RT cos2(δr − δt)

]
(2.5)
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where R = |r2| and T = |t2|. Conservation of energy requires that I0 = Id + Is. In
this scenario, the phase shift is

cos2(δr − δt) = 0 (2.6)

|δr − δt| = π/2

Thus the reflected and transmitted beam from a thin beam splitter will present a π/2
phase shift between them.

The overall phases of the system are as follow: the beam to the detector that
travels to the fixed mirror undergoes a π/2 phase change on the beam splitter, a π

phase change on the fixed mirror, and no phase change at the beam splitter, 3π/2
in total. The transmitted beam to the detector undergoes no phase change when
transmitted through the beam splitter, π phase change on the movable mirror and
π/2 phase changewhen reflected by the beam splitter, again 3π/2 in total. Therefore,
the beams are in phase and interfere constructively. The beam travelling back to the
source from the fixedmirror undergoes aπ/2 at the beam splitter, aπ phase change at
the fixedmirror and a secondπ/2 phase change on the beam splitter, 2π phase change
in total. From the movable mirror, the beam undergoes only the mirror phase change,
π . Thus, the two beams are π radiants out of phase and interfere destructively. For
this reason, at the ZPD the entire power of the incident beam is transmitted to the
detector and no light returns to the source.

2.1.2 Generating the Interferogram

By displacing the movable mirror one alters the retardation between the beams. If the
mirror is displaced a distance λ/4, the optical path difference between the beams on
the beamsplitter is λ/2 and the beams interfere destructively as they are out of phase.
In this situation, all the light returns to the source. Likewise, if the retardation is λ

(corresponding to a mirror displacement of λ/2), the beams interfere constructively
on the beam splitter, and all the light travels to the detector.

In the case of monochromatic light of wavelength λ0 (or wavenumber ν0 = 1/λ0),
as shown in Fig. 2.2, the intensity of the beam at the detector measured as a function
of retardation has a cosine shape, where the maximums correspond to retardation
intervals multiple of λ0. At other wavenumbers ν, the intensity of the beam at the
detector is

Id(δ) = 2RTI0(ν)(1 + cos 2πνδ) (2.7)

As seen in Eq.2.4, for the particular case of the ZPD where δ = 0, the intensity
of the beam at the detector is Id(δ) = 4RTI0(ν). Considering an ideal beam splitter
(R = T = 1/2) this equation becomes

Id(δ) = 1

2
I0(ν)(1 + cos 2πνδ) (2.8)
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Fig. 2.2 Interference pattern for monochromatic light of wavelength λ0 (blue) and 2λ0 (green) as
a function of the retardation δ (in units of λ0). The maxima corresponds to retardation intervals
multiple of λ0 and 2λ0, respectively

where a dc component equal to I0(ν)

2 and a modulated component I0(ν)

2 cos 2πνδ can
be observed. In spectroscopy only the ac component is used in general, and is referred
to as the interferogram.

For a broadband source B(ν), where radiation of more than one wavelength is
emitted by the source, the measured interferogram is the result of the sum of the
cosines contributions corresponding to each wavenumber, in other words, a measure
of the interference of all the spectral components of B(ν) as the retardation is varied.
In this situation the measured interferogram is

Id(δ) =
∫ ∞

−∞
B(ν) cos(2πνδ)dν (2.9)

which is the cosine Fourier transform (or the real part of the Fourier transform).
By performing the inverse cosine Fourier transform, one can recover the spectral
information of the source, this is

B(ν) =
∫ ∞

−∞
Id(δ) cos(2πνδ)dδ (2.10)

B(ν) is an even function and it can be written as

B(ν) = 2
∫ ∞

0
Id(δ) cos(2πνδ)dδ (2.11)

which means that in theory one could measure the complete spectrum from 0 to ∞
at infinitely high spectral resolution.

Figure2.3 shows a representation of the generation of an interferogram for a
broadband source with a flat spectrum.



22 2 Theoretical Background

−20 −15 −10 −5 0 5 10 15 20

0

0.5

1

1.5

2

Retardation δ [A.U.]

I d(δ
) 

[2
R

T
I 0]

−15 −10 −5 0 5 10 15

0

0.5

1

1.5

2

Retardation δ [A.U.]

I d(δ
) 

[2
R

T
I 0]

Fig. 2.3 Individual monochromatic responses (top) and the resulting interferogram (bottom) for a
broadband (or polychromatic) source

In theory, by scanning an infinite distance one could recover the spectrum at
infinitely high resolution. In practice one selects a maximum optical path difference
to be scanned, limiting the spectral resolution of the measurement.

2.1.3 Sampling the Interferogram

Interferograms are sampled at equal intervals of retardation x, which mathematically
is the multiplication of an analog interferogram by a repetitive impulse function, the
Dirac comb, given by

X(x) =
∞∑

n=−∞
δ(x − nΔx) (2.12)

where Δx is the sampling interval. The Fourier transform of the Dirac delta comb is
another Dirac delta comb of period 1/Δx, that is

X(ν) =
∞∑

n=−∞
δ(ν − n

Δx
) (2.13)
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In the Fourier domain, the spectra are convolvedwith theDirac delta comb (Eq.2.13),
which means the spectrum will be infinitely repeated. To avoid aliasing, if the spec-
trum covers a bandwidth from 0 to νmax, the transformed Dirac delta combmust have
a period of at least 2νmax, this is

Δx ≤ 1

2νmax
(2.14)

Under this condition, which is known as the Nyquist criterion, the analog signal may
be digitised without any loss of information.

2.1.3.1 Effect of Finite Path Difference

By sampling a finite path difference Δ another instrumental effect is introduced
to the interferogram. Effectively, the complete interferogram (from −∞ to ∞) is
multiplied by a boxcar truncation function, D(x), which is

D(x) =
{
1 if − Δ ≤ x ≤ Δ

0 if x > |Δ|

In the spectral domain, it is equivalent to the convolution of the spectra B(ν) with
the Fourier transform of D(x), which is

f (ν) = 2Δ
sin 2πνΔ

2πνΔ

= 2Δ sinc 2πνΔ (2.15)

and it is also called the Instrument Line Shape function (ILS). For any spectrometer,
the ILS defines the shape of a spectral line given a monochromatic input.

2.1.3.2 Spectrometer Resolution

When the spectrum to bemeasured corresponds to a single spectral line of wavenum-
ber ν1, this is B1(ν) = δ(ν − ν1) the recovered spectrum is

B(ν) = B1(ν) ∗ f (ν) = 2Δ sinc 2π(ν − ν1)Δ (2.16)

Figure2.4 shows the instrumental line shape, f (ν) (top), and B(ν) (bottom) for
ν1 = 2/Δ. Looking at the ILS, it can be observed that the curve intersects the
wavenumber axis at ±1/2Δ, and for B(ν) the intersection happens at ν1 ± 1/2Δ.
In this situation, two spectral lines separated by twice this amount (1/Δ) will be
completely resolved.
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Fig. 2.4 Instrumental Line Shape ILS(ν) (top), which is the Fourier transform of a boxcar function
of unit amplitude extending from +Δ to −Δ. Fourier transform of an interferogram generated by
a monochromatic line at ν1 = 2/Δ (bottom)

However, the practical resolution is better than this value. Considering the full
width at half maximum (FWHM) criterion, two spectral lines will be resolved if the
spacing between lines is greater than the FWHM of either line, this is

Δν = 1.207

2Δ
(2.17)

which is valid for a sinc-like ILS. The ILS can be modified through apodization,
which can be useful to reduce the side lobes of the ILS byweighting the interferogram
but can also affect the photometric accuracy.

2.1.4 Recovering the Spectrum

The relationship between an interferogram and the corresponding spectrum is the
Fourier transform (or cosine transform, as the interferogram is real). However, the
interferogram is discretely sampled and finite. For this reason, a discrete Fourier
transform (DFT) needs to be performed.

The general definition of the DFT is

B(ν) =
N−1∑

n=0

Id(δn)e
−2πνδn/N (2.18)
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where ν is the wavenumber vector andN the number of elements of the interferogram
Id(δ). Given the maximum wavenumber defined by the Nyquist criterion, νmax, the
spectral resolution is

Δν = νmax

N
(2.19)

and as the sampling interval is Δδ = Δ/N , combining both expressions the spectral
resolution can be written as

Δν = 1

2Δ
(2.20)

which is only valid if the ILS is not being considered.

2.1.4.1 Apodization

The convolution theorem (Goodman 2005) states that the Fourier transform of the
multiplication of two functions in one domain is equivalent to the convolution in the
other, as given by

F−1{F(ν) · G(ν)} = f (x) ∗ g(x) =
∫ ∞

−∞
f (t)g(x − t)dt (2.21)

where t is a dummy variable and f (x) ∗ g(x) denotes the convolution of f (x) and
g(x).

Apodization is the modification of the interferogram by multiplication with
an apodization function (Griffiths and de Haseth 2007). If the interferogram is
unweighted, the shape of a spectral line is the convolution of the spectrum with
a sinc function, which is the Fourier transform of the boxcar truncation function.

A sinc function introduces ringing in the spectrum because of the side lobes. By
selecting a different apodization function, the side lobes can be reduced but at the
cost of a loss of spectral resolution.

The most common apodization functions are those proposed by Norton and Beer
(1976) and the triangle function (Griffiths and de Haseth 2007). Norton and Beer
tested over 1000 functions of the general form

A(δ) =
n∑

i=0

Ci

[

1 −
(

δ

Δ

)2
]i

(2.22)

and concluded that there is a distinct empirical boundary relation between the FWHM
and the relative magnitude of the strongest side lobe to the central lobe. Three pre-
ferred functions are Norton-Beer weak, medium and strong apodization function.

Figure2.5 shows three examples of apodization functions and the corresponding
ILS. It can be observed that the triangular and squared triangular apodization func-
tions (green and red, respectively) present a reduced side lobe intensity. However,
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Fig. 2.5 Apodization functions (left) and corresponding Instrumental Line Shape (right) boxcar
(blue), triangular (green) and squared triangular (red)

the spectral resolution is being decreased with respect to the boxcar apodization
function.

2.1.4.2 Phase Effects

Until now, it has been assumed the interferogram to be perfectly symmetric or even.
However, in practice an additional term often has to be added to the phase angle
2πνδ to describe the measured interferogram.

Phase effects ϕ(ν) in the interferogram mainly appear because the zero path dif-
ference point is not accurately known or sampled, some dispersive phenomena exist
in optical elements, and/or due to electronic filters used to reduce the bandwidth of
the detector, which induce a wavenumber dependent phase lag. Under these circum-
stances, the interferogram can be written as

I(δ) = 2
∫ ∞

0
B(ν) cos[2πνδ + ϕ(ν)]dν (2.23)

=
∫ ∞

−∞
B(ν)e−iϕ(ν)e−i2πνδdν (2.24)

where ϕ(−ν) = −ϕ(ν) and the interferogram is no longer symmetric. The interfer-
ogram is now the Fourier transform of S(ν) = B(ν)e−iϕ(ν), which can also be written
as

S(ν) = Br(ν) cos[ϕ(ν)] − Bi(ν) sin[ϕ(ν)] (2.25)

where Br(ν) and Bi(ν) represent the real and imaginary parts of B(ν).
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2.1.4.3 Phase Correction

The process of phase correction consists of determining ϕ(ν) experimentally from
the imaginary and the real parts of S(ν) and then multiplying through by eiϕ(ν) to
recover B(ν), by using the fact that the phase error ϕ(ν) is a smooth function and
does not vary rapidly with ν.

The Forman phase correction method (Forman et al. 1966) is one of the most
used methods. Given an interferogram unequally sided by sampling from −Δ1 to
Δ2 (in order to increase the spectral resolution by increasing the total optical path
difference), the Forman method first finds the ZPD and selects a region where the
interferogram is double sided and the signal exceeds the noise, ZPD ± x. This inter-
ferogram is then apodized with a triangular apodization function and by performing
the Fourier transform the phase can be extracted. Once the phase is known, it is
inverted and inverse Fourier transformed to create the convolution kernel. Next, the
measured interferogram and the kernel are convolved. This process can be iterative,
and eventually the convolution kernel resembles a delta function. This process is
illustrated in Fig. 2.6.

2.2 Stellar Interferometry

An interferometer can be basically described as an instrument that measures the
interference of an electromagnetic field. The advantage of interferometers over other
instruments when measuring astronomical sources is the angular resolution achiev-
able, providing means to address certain scientific questions not available to single
aperture telescopes. In this Section the basic principles and characteristics of an ideal
stellar interferometer are presented, as well as the interferometric observables and
its synthesis (Born and Wolf 1999; Monnier 2003; Quirrenbach 2001).

2.2.1 Basic Principles

When using an interferometer one is measuring coherence functions (Haniff 2007).
In this section the focus is on the spatial coherence function, which is the case
associated with measuring the electric field from a source at two locations but at the
same time. This is equivalent to the Young’s two slit experiment.

2.2.1.1 The Young Experiment

The first experiment for demonstrating the interference of light is due to Young
(1804). In his experiment, light from a monochromatic point source S falls on two
pinholes, P1 and P2 which are close together on a screen and equidistant from S. The
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Fig. 2.6 Forman phase correction method. The real and imaginary part of the spectrum corre-
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a linear phase error (top-right). The measured interferogram is not symmetric anymore (centre-
left). After extracting the convolution kernel (centre-right) and applying the correction method 5
times, the interferogram symmetry is improved (bottom-left). Fourier transforming the corrected
interferogram, the spectrum is recovered (bottom-right) and is real
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separation between the two pinholes is the baseline, b. The pinholes act as secondary
monochromatic point sources which are in phase, and the light is projected onto a
screen beyond the pinholes screen and a pattern of fringes is observed.

The interference is due to the wave nature of light: the electric field at each slit
is propagating to the screen with different relative path lengths, hence interfering
constructively and destructively at different points along the screen. Figure2.7 (left)
shows a simple Young’s two-slit interferometer response to a point source, where the
interference fringe can be characterised by an amplitude and phase. For constructive
interference, the fringe spacing ΔΘ is proportional to the projected slit separation b
in units of wavelength λ, this is

ΔΘ = λ

b
rad (2.26)

and the fringe spatial frequency is

u = b

λ
rad−1 (2.27)

If a second point source is located at an angle of λ/(2b) from the first source, as in
Fig. 2.7 (right) the two interference patterns are out of phasewith one another byπ rad
and they cancel each other, as the fringe phase depends on the angle of the incoming
wavefront: the measurement of fine phase is equivalent to a measurement of stellar
position on the sky.On the screen, onewould see a uniform illumination. TheYoung’s
experiment is a simple illustration of an interferometer having two telescopes in place
of pinholes and subsequently combining the two beams for interference.

Point source S 

P1 P2 

S1 S2 

P1 P2 

Fig. 2.7 The Young’s two-slit interferometer response to a point source (left) is a pattern of fringes
characterised by an amplitude and a phase. If a second point source is positioned at a distance
λ/(2b) from the initial source (right), the two interference patters are out of phase and cancel each
other, allowing the measurement of the stellar position on the sky
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Fig. 2.8 Schematic of an
interferometer. Two
telescopes collect the light
that then travels along the
delay lines DL1 and DL2
and interferes at the beam
combiner. The geometrical
delay δ is compensated with
the delay lines in order to
find maximum fringe
coherence to measure stellar
positions. θ is the view angle

DL2 

Baseline 

Projected Baseline 

Telescope 1 Telescope 2 

DL1 
Beam
Combiner

Distant Source

Incident phasefronts 

Figure2.8 shows a basic representation of a 2 element interferometer. Two tele-
scopes are separated by a physical distance, the baseline, and pointing towards a
distant source at an angle θ from the meridian. By measuring the delay line required
to find stellar fringes, the incoming angle of the wavefronts can be calculated and
thus the stellar position on the sky.

2.2.1.2 Angular Resolution and Fringe Visibility

The angular (or spatial) resolution, is defined as the ability to discern two objects with
an image-formingdevice. For an astronomical instrument the ability to distinguish the
two components of a binary star is often used. Classical diffraction theory established
the Rayleigh criterion for the definition of the diffraction limited resolution (Hecht
2001). According to the Rayleigh criterion, two sources will be resolved when one
component is centred on the first null in the diffraction pattern of the other. In this
case, given a circular aperture of diameter D, the angular resolution is

ΔθTel = 1.220
λ

D
rad (2.28)

If instead of theRayleigh criterion the full width at halfmaximum (FWHM) criterium
is considered, the angular resolution is ΔθTel = 1.02λ/D ≈ λ/D. For an interferom-
eter, two equal brightness sources will be resolved when the fringe contrast goes to
zero at the longest baseline b, this is

ΔθInt = λ

2b
rad (2.29)
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Fig. 2.9 Measured interferogram for a single telescope (green) and a two aperture interferometer
(blue) for a point source. The interferometer fringe pattern is equivalent to the single telescope one
multiplied by a cosine given by the baseline separation

Figure2.9 shows the fringe pattern for a single telescope and an interferometer for
a point source, where the baseline separation is b = 5D. It can be observed that the
resolution of the interferometer is 12 times higher than the resolution of the single
aperture if the Rayleigh criterion is used. In interferometry, the resolution of the
single aperture is the field of view of the interferometer.

However, if the radiation is notmonochromatic one has to consider each frequency
separately and add the resulting fringe patterns, which have different separation (λ/b)
between maxima. In this situation, the visibility fringes ‘wash out’, limiting the field
of view of the interferometer. If the bandwidth is Δλ, the field of view is given by

Δθ = λ

b

λ

Δλ
(2.30)

which is the product of the angular (or spatial) resolution and the resolving power
R = λ/Δλ.

Another quantitative parameter is the fringe contrast, which historically is called
visibility amplitude. For a 2 telescope interferometer it is calculated as

V = Imax − Imin
Imax + Imin

(2.31)

where Imax and Imin are the maximum and minimum intensity of the fringes, respec-
tively. This value will approach zero if the two beams are incoherent.
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2.2.1.3 Complex Visibility

The output of an interferometer are the so-called complex visibilities, also called
spatial coherence function. When observing an object with an interferometer, the
light intensity I is the result of the superposition of electromagnetic waves coming
from the apertures. Considering an instrument with two apertures P1 and P2, the
corresponding electric fields at the apertures are E1(t) and E2(t), respectively. At the
recombination point Q, the intensity of the recombined signal is

I(Q, τ ) = 〈|E1(t) + E2(t + τ)|2〉t (2.32)

where the time lag τ is caused by the internal light path length difference from each
aperture to Q and 〈〉t denotes time average. If one defines the mutual coherence
function Γ1,2(τ ) as

Γ1,2(τ ) = 〈E1(t)E
∗
2 (t + τ)〉t (2.33)

at recombination point the intensity can be written as

I(Q, τ ) = Γ1,1(0) + Γ2,2(0) + Γ1,2(τ ) + Γ ∗
1,2(τ )

= Γ1,1(0) + Γ2,2(0) + 2Γ (r)
1,2 (τ ) (2.34)

where Γ
(r)
1,2 (τ ) is the real part of Γ1,2(τ ), Γ1,1(0) = I1 and Γ2,2(0) = I2. The interfer-

ogram is contained in Γ1,2(τ ), and for τ = 0, this is the complex visibility, which is
basically the quantity that a Young’s double slit experiment measures.

The Van-Cittert-Zernike theorem describes the relation between the complex vis-
ibility of an object and its brightness distribution on the plane of the sky. It states that
for sources in the far field the normalised value of the spatial coherence function (or
complex visibility) is equal to the Fourier transform of the normalised sky bright-
ness distribution. If a source with a brightness distribution I(θ), where θ = (θx, θy)

are the coordinates on the sky plane Ω , illuminates the two apertures connected
with the baseline vector b = (bx, by), the wavenumber dependent spatial coherence
function is

V (b)

V (0)
= Γ1,2(b, ν)

Γ1,2(0, ν)
=

∫
Ω
I(θ, ν) exp[−i2πνθ · b]dθ2

∫
Ω
I(θ, ν)dθ2

(2.35)

where θ · b is the projection of the baseline vector on the sky plane. Using spatial
frequency notation, this is u = bx/λ and v = by/λ, the normalised complex visibil-
ity is

Vnorm(u, v) =
∫
Ω
I(θ, ν) exp[−i2π(uθx + vθy)]dθ2

∫
Ω
I(θ, ν)dθ2

(2.36)
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The components u and v are the components of the baseline vector between two
sampling points projected onto a plane perpendicular to the source direction and
measured in wavelengths. It can be observed that by inverse Fourier transforming
one can retrieve the source spatial structure if the uv-plane (the Fourier space) has
been sampled suitably.

2.2.2 Observability and UV-Coverage

When observing with a stellar interferometer, the efficiency and quality of an obser-
vation depends on the sampling of the uv-plane, which is defined by the baseline
range and position, the quantity of interest being the projected baseline vector on the
sky (Ségransan 2007). For ground based interferometers, two parameters are usually
taken into account for the filling of the uv-plane: the Earth rotation and the number
of telescopes of the interferometer (Thompson et al. 1986; Millour 2008). By taking
advantage of the Earth rotation the uv-tracks become ellipses. The link between the
baseline position and its projection on the sky is given by

⎛

⎝
u
v
w

⎞

⎠ = 1

λ

⎛

⎝
sin(h) cos(h) 0

− sin(δ) cos(h) sin(δ) cos(h) cos(δ)
cos(δ) cos(h) − cos(δ) sin(h) sin(δ)

⎞

⎠

⎛

⎝
X
Y
Z

⎞

⎠ (2.37)

where (X,Y ,Z) represent the terrestrial coordinate system for the antenna position
as described in Thompson et al. (1986), and δ and h are the declination and hour
angle of the phase reference position. Then the elliptical uv-tracks when observing
an object of declination δ are

u2 +
(
v − (Z/λ)2 cos(δ)

sin(δ)

)2

= 1

λ2
(X2 + Y 2) (2.38)

By increasing the number of telescopes Nt , although this is a more expensive
solution, the number of available baselines Nb is increased and is given by

Nb = 1

2
Nt(Nt − 1) (2.39)

To further increase the uv-sampling one can use multiple spectral bands. Assuming
that an object’s shape is achromatic with regards to the wavelength, the uv-coverage
is increased simply because different wavelengths represent different spatial frequen-
cies for a given baseline (Millour 2008).

As presented before, the measurement of an interferometer is related to the
Fourier transform of the object brightness. In order to maximise the efficiency of
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Fig. 2.10 Simulation of an observation of a binary system consisting of 2 unresolved monochro-
matic point sources separated approximately 9 mas (left) and f = 0.5. The normalised squared
visibility amplitude in units of spatial frequency 1/λ (centre) has a cosine shape given by the source
separation. Three baselines have been simulated: aligned with the point sources (blue), perpendic-
ular to the line connecting the point sources (red), and in an angle between red and blue (green)

an observation, it is important to know the shape and size of the object under study
and use it for the selection of the baselines as well as for introducing model fitting
to the measured visibilities (Berger and Segransan 2007). For example, if the object
is a resolved binary, the brightness can be written as

I(θx, θy) = F1δ(θx − θx,1, θy − θy,1) + F2δ(θx − θx,2, θy − θy,2) (2.40)

where F1 and F2 are the fluxes and (θx,1, θy,1) and (θx,2, θy,2) are the angular coor-
dinates of the stars S1 and S2. This is sum of two unresolved point sources. In this
case, the normalised squared visibility amplitude is

|V (u, v)|2 = 1 + f 2 + 2f cos[2πν(θ · b)]
(1 + f )2

(2.41)

where f = F2/F1. Figure2.10 shows a simulation of an observation of a binarywith a
separation of approximately 9 mas. Three projected baselines have been considered:
blue, aligned with the point sources; red, perpendicular to the line connecting the two
point sources; and green, a baseline in between blue and red. It can be observed that
the visibility remains constant for the red baseline, because the interferometer ‘sees’
only one point source. For the blue baseline, the visibility has itsmaximum frequency.
The green baseline presents also a cosine modulation but at a lower frequency. This
illustrates the fact than when observing a given object, one has to select the baselines
orientation and range accordingly.
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2.2.3 Data Synthesis

Once the uv-plane has been sampled and so the complex visibilities measured, one
could apply the fundamental relationship between the visibility function for a given
frequency and the normalised sky brightness distribution, this is

I(θx, θy) =
∫ ∫

V (u, v) exp[i2π(uθx + vθy)]dudv (2.42)

However, in order to extract the source brightness the uv-plane should be fully sam-
pled, which is not the case. In practice, one has a sampled version of V (u, v). By
performing the inverse Fourier transform of the sampled complex visibility function
one obtains the dirty image or dirty map

Idirty(θx, θy) =
∫ ∫

V (u, v)S(u, v) exp[i2π(uθx + vθy)]dudv (2.43)

= Bdirty(θx, θy) ∗ Inorm(θx, θy) (2.44)

where S(u, v) is the sampling function, which is 1 where the uv-plane is sampled
and zero otherwise. In this equation, Bdirty(θx, θy) is the dirty beam and is simply the
PSF of the interferometer, which is the Fourier transform of the sampling function

Bdirty(θx, θy) =
∫ ∫

S(u, v) exp[i2π(uθx + vθy)]dudv (2.45)

Since the Bdirty(θx, θy) is known because it depends on the telescopes positions,
recovering the image I(θx, θy) can be accomplished via deconvolution.

Different deconvolution algorithms have been developed for interferometry
(Thiébaut 2009). The most popular ones are CLEAN (Högbom 1974) and the Max-
imum Entropy Method, MEM (Bryan and Skilling 1980; Gull and Skilling 1984),
initially developed for radiointerferometric observations but applicable to the opti-
cal/IR domain.

In this thesis theCLEANalgorithm is used for the data synthesis ofDouble Fourier
Modulation data and is described in detail in Chap.5. In general terms, it is basically
a numerical deconvolving process applied in the (θx, θy) domain. It is an iterative
process, which consist of breaking down the intensity distribution into point source
responses, and then replacing each one with the corresponding response to a ‘clean’
beam, this is, a beam free of side lobes.

In conclusion, when performing interferometric imaging it is crucial to define the
optimal uv-sampling for the object to be measured, as the number of baselines is
limited. In any case, a more populated uv-space will increase the angular resolution
of the reconstructed image. As presented before, if the object’s shape is achromatic
with regards to the wavelength, oneway to increase the uv-sampling is usingmultiple
spectral bands.

http://dx.doi.org/10.1007/978-3-319-29400-1_5
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2.3 Multi-Fourier Transform Interferometry

Double Fourier Spatio-Spectral Interferometry is the application of a Fourier-
transform spectrometer (FTS) to aperture synthesis interferometry. This technique
was proposed for the near IR regime by Itoh and Ohtsuka (1986) with a single-pupil
interferometry approach, and byMariotti and Ridgway (1988) withmulti-pupil inter-
ferometry for high spatial resolution.

Leisawitz et al. (2003) proposed an extension of the FOV by using a focal plane
detector array for optical wavelengths, technique called Wide-Field Imaging Inter-
ferometry. However, direct detector arrays in the Far Infrared are still expensive and
a similar approach is not straightforward.

Ohta et al. (2006) theoretically proposed to apply a Martin-Puplett-type Fourier-
transform spectrometer to the aperture synthesis system in millimeter and submil-
limeter waves. They succeeded in proving that this system is capable of performing
broadband imaging observations (Ohta et al. 2007). Also a laboratory prototype
spectral-spatial interferometer (Chap.3) has been constructed to demonstrate the
feasibility of the double-Fourier technique at far infrared (FIR) wavelengths (0.15–
1THz) by Grainger et al. (2012).

2.3.1 Basic Principles

Double Fourier Modulation (DFM) is based on the combination of spatial interfer-
ometry and Fourier transform spectroscopy simultaneously. As presented earlier in
this chapter, a Fourier transform spectrograph is based on the Michelson interfer-
ometer, where the light of a source is divided and recombined while delaying one
of the optical paths to generate an interferogram. To combine this technique with
spatial interferometry, instead of dividing the light from a single telescope one uses
two apertures and recombines the incoming light from these two apertures.

Figure2.11 shows a classical FTS (left) and a spectro-spatial interferometer
(right). In the FTS the incoming light is divided at the beamsplitter (BS) and with
the movable mirror an optical path difference is introduced. In the spectro-spatial
interferometer, by using two telescopes an extra path difference due to the baseline
is introduced when the source is not on the line of sight perpendicular to the base-
line. When using the two telescope interferometer, due to the division of the spatial
wavefront outside the instrument, one has to take into account all the phase changes
of the optical elements (Mariotti and Ridgway 1988). Considering that all mirrors
introduce a π phase delay and that the beam splitter is ideal and symmetric, this is
the phase delay between the transmitted and reflected beam is π/2, at the detector
one measures sine interferograms due to the extra π/2 phase shift. Because this is
the result of the addition of the beam splitter phase φBS , throughout this thesis this
value is left as parameter in order to account for beam splitter non-symmetries.

http://dx.doi.org/10.1007/978-3-319-29400-1_3
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Fig. 2.11 Schematic of a classical FTS (left) and a spectro-spatial interferometer (right). For the
FTS, the incoming light is divided in the first beam splitter and half of it is delayed with the movable
mirror before arriving to the second beam splitter where interference occurs. The spectro-spatial
interferometer receives light from two telescopes (T1 and T2), and the light travelling from T2
is delayed at the movable mirror before interfering with the light travelling from T1 at the beam
splitter, where interference occurs

Fig. 2.12 Coordinate system
used. The source plane (or
sky map in later sections) is
assumed to be very far away
from the observer plane

Initially one must define the coordinate system, shown in Fig. 2.12 and following
the notation of Born and Wolf. The origin of the coordinate system on the source
plane is the center of the FOV. The viewer angle of the source from the observer
plane is θ = (θx, θy). The origin of the coordinate system on the observer plane is
the center of the baseline (b = (bx, by)) that separates the two apertures.

Going back to Eq.2.34, the complex visibility or spatial coherence function was
defined as the mutual coherence function when τ = 0. According to the van-Cittert-
Zernike theorem, the normalised spatial coherence function is the Fourier transform
of the normalised sky brightness distribution (Eq.2.35). The temporal coherence
function is defined as the mutual coherence function for b = 0, and according to the
Weiner-Khinchin theorem, the normalised value of the temporal coherence function
is equal to the Fourier transform of the normalised spectral energy distribution of the
source, this is

V (τ ) =
∫
B(ω) exp(−iωτ)dω

∫
B(ω)dω

(2.46)
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where ω = 2π f = 2πc/λ. With DFM one takes advantage of both aspects of the
mutual coherence function.

Considering that f τ = νδ, where δ is the spectroscopical optical path difference
due to the movable mirror (as in Eq.2.9), the measurement of the mutual coherence
function by a Multi-Fourier Transform Interferometer of the waves obtained by two
apertures for a given baseline and measuring a specific source intensity I(θ, ν) is

Γ (b, δ) =
∫

Ω

{∫
I(θ, ν) exp[−i2πν(b · θ) + i2πνδ + iφBS]dν

}
d2θ (2.47)

and its real part is

Γ (r)(b, δ) =
∫

Ω

{∫
I(θ, ν) cos[−2πν(b · θ) + 2πνδ + φBS]dν

}
d2θ (2.48)

whereΩ is the solid angle subtended by the source, ν is the wavenumber, and δ is the
optical path difference between apertures. In this equation the interferometric phase
shift 2πν(b · θ) and the spectroscopic modulation 2πνδ can be easily distinguished.

With Eq.2.48 one obtains a set of interferograms corresponding to an interfero-
gram per baseline, this is, a spectroscopic measurement for each sampled point in
the uv-space. It must be noticed that in this situation, the concept of a spectroscopic
zero path difference is not applicable anymore. For example, if the source is a binary
consisting of two unresolved point sources, the interferometric phase shift will cause
the separation of the two spectroscopic interferograms. This case is similar to the
testbed implementation presented in the next chapter.

2.3.2 Data Analysis and Synthesis

To recover the information from the source, a two step process needs to be performed.
First, to obtain the spectroscopy-resolved source image one has to perform a Fourier
integration of the obtained Γ (r) in δ to obtain first the spectrally resolved mutual
coherence function, Γ̂ (u, v, ν), which in interferometer notation is

Γ̂ (u, v, ν) =
∫

Ω

Ĩ(θ , ν) exp[−i2π(uθx + vθy)]d2θ ] (2.49)

where u = bxν, v = byν and Ĩ is a spectrally convolved source intensity distribution,
defined as

Ĩ(θ, ν) =
∫

I(θ, ν ′)2δ0sinc[2π(ν ′ − ν)δ0]dν ′ (2.50)
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The convolution kernel depends on the apodization function, in this case a top-hat
function has been used. By Fourier transforming the data in u and v, one obtains
source images for various frequencies.

In summary, a DFM system is capable of performing simultaneous measurements
of the source brightness distribution and spectrum. In the interferograms, however, the
ZPD position is lost, which means that spectroscopy data processing techniques like
mathematical apodization and phase correction are not straightforward. Depending
on the observation, one can correct the instrumental phase errors by selecting a ZPD
for each interferogram separately and computing the slope of the phase from the
Fourier transform of a short section around the central fringe area.

2.4 Chapter Summary

In this Chapter the theoretical background that led to the Double Fourier Modulation
technique has been presented, this is Fourier Transform Spectroscopy and Stellar
Interferometry.

Fourier Transform spectroscopy is based on the Michelson interferometer, with
which one can generate and interferogram by dividing the light from a source and
recombining it on a beam splitter after delaying one of the optical paths. To obtain the
spectra of the source, one has to Fourier transform the interferogram. For a correct
detection of the spectral information the sampling of the interferogram is of great
importance, because it defines the spectral resolution and the spectral band coverage.

Stellar Interferometry is based on the Young’s two slit experiment, where incom-
ing light from a source falls on two apertures (or telescopes) which then are made to
interfere onto a screen. The measured quantity is the complex visibility V (u, v). By
selecting the position of the telescopes the uv-map is sampled. The brightness distri-
bution on the plane of the source is recovered by Fourier transforming the complex
visibility. The aperture separation, or baseline, defines the angular resolution of the
interferometer.

The Double Fourier Modulation technique is the combination of Fourier Trans-
form Spectroscopy with Stellar Interferometry: for a given interferometric baseline,
one performs an FTS scan. With this technique measurements of the source bright-
ness distribution and spectrum are performed simultaneously.
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Chapter 3
Spectro-Spatial Interferometry Testbeds

In this chapter the two Spectro-Spatial Interferometry Testbeds in which I have been
involved during my programme are presented: the FIRI laboratory testbed andWIIT,
theWide-field Imaging Interferometry Testbed. Both testbeds are intended to demon-
strate the theory of Double Fourier Spatio-Spectral Interferometry or the application
of a Fourier-transform spectrometer (FTS) to aperture synthesis interferometrywhich
was presented in the previous chapter. The difference between the two experimental
approaches is the wavelength range of operation: the FIRI laboratory testbed oper-
ates at Far Infrared wavelengths, while the WIIT is designed to operate at Optical
wavelengths. A second difference resides in the detection scheme: by operating at
optical wavelengths, WIIT approach consists in an extension of the FOV by using a
focal plane detector array (Leisawitz et al. 2003). However, because direct detector
arrays in the Far Infrared are still expensive, single pixel detection is the only viable
option which can be explored with modest funding and a detector system contained
in size for the FIRI laboratory testbed (Grainger et al. 2012).

3.1 The FIRI Laboratory Testbed

The FIRI laboratory testbed is the the result of an effort by Cardiff University, the
RutherfordAppletonLaboratory (RAL) andUCL to develop an instrument to demon-
strate the feasibility of the Double-Fourier technique at Far Infrared (FIR) wave-
lengths, which in a long term basis is expected to be the precursor of the space-based
Far Infrared Interferometer (Helmich and Ivison 2009). It is currently located at the
Physics and Astronomy Department of Cardiff University. This system is in constant
development, and here the current design and issues, the latest results and the future
planned improvements are presented.

© Springer International Publishing Switzerland 2016
R. Juanola-Parramon, A Far-Infrared Spectro-Spatial Space Interferometer,
Springer Theses, DOI 10.1007/978-3-319-29400-1_3

41



42 3 Spectro-Spatial Interferometry Testbeds

3.1.1 Experimental Set-Up

A Spectro-Spatial Interferometer operating in the waveband 5–35cm−1 has been
developed. This laboratory test-bed consists of two parts, a source simulator and a
spectral-spatial interferometer. The source simulator, detailed below, is intended to
provide, with a point-like source, a flat wavefront for the interferometer, allowing the
test-bed to assume the source is at infinity. The test-bed is intended to be a verification
tool of the physics included in the Instrument Simulator described in Chap. 5, not
viceversa: the model must be applicable to different instruments.

3.1.1.1 Source Simulator

The source is a water cooledmercury arc lamp (MAL). The lamp is a 10mmdiameter
quartz cylinder with a wall thickness of 0.9mm, and provides a black-body spectrum
with a temperature of ∼1800K. A taut-band resonant chopper oscillates at 28Hz
close to the MAL to modulate the light beam to enhance the signal-to-noise ratio of
the detected signal. An aperture, 1mm from the chopper, then provides a well defined
extended source. A 60◦ segment of a 1-m radius gold-plated carbon-fibre spherical
mirror, kindly loaned from the BLAST team (Pascale et al. 2008) is situated 2.1m
away from the source (the focal length of the reflector) to generate a flat wavefront
for the interferometer. Zemax modelling gives a focal plane scale of 0.027deg/mm.

Three apertures are used: (i) a single slit 1.5mm wide; (ii) a double slit, each
slit 1.5mm wide, with the centres separated by 5.5mm; (iii) a third aperture being
identical to the second with one of the slits covered with a low-pass filter (edge at
21cm−1). The third aperture is used to have a different source not only spatially, but
also spectrally. As the interferometer is only sensitive in one spatial dimension, the
slits are arranged perpendicular to the projected scanning direction to increase the
overall signal available.

3.1.1.2 Interferometer

The light path in the interferometer is shown inFig. 3.1. There are two input telescopes
with 100mm diameter apertures, each configured as a 3:1 beam condenser (to reduce
the diameter of the beam by a factor of 3). All the mirrors on the optical bench other
than the beam condensing input telescopes and the final parabolic condenser are
50mm square optical quality flats. To achieve different spatial baselines, one of the
input telescopes and reflecting mirror are attached to a Thorlabs Long Travel Stage
which allows 300mm of mechanical travel. Hereafter we will refer to this ‘arm’
of the interferometer as ‘spatial’. The same model drive is used for translating the
spectral rooftop mirror. The rooftop mirror is used to minimise the effect of tilt by
returning the beam along a path that is parallel to that of the incident beam. Hereafter
we will refer to this ‘arm’ of the interferometer as ‘spectral’. The beam combiner is

http://dx.doi.org/10.1007/978-3-319-29400-1_5
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Fig. 3.1 Schematic of the interferometer. Dashed lines indicate moving parts

a 63mm diameter 50:50 metal-mesh intensity beam splitter originally used for the
SCUBA project (Naylor and Gom 2003).

The detector is a single pixel silicon bolometer, operating at a temperature of 4.2K
in a standard QMCI cryostat (QMC Instruments Ltd 2005). Coupling to radiation is
done via a f/4 Winston cone (Harper et al. 1976), an off-axis parabola designed to
maximise collection of incoming rays within a given field of view.Winston cones are
nonimaging light concentrators intended to funnel all wavelengths passing through
the entrance aperture out through the exit aperture. They maximise the collection
of incoming rays by allowing off-axis rays to make multiple bounces and reach the
exit aperture. Spectral filtering of the radiation of interest is achieved with multiple
metal mesh filters. Rejection of NIR and visible light is also achieved with similar
technology. The bolometer is AC coupled (to reject DC and low-frequency signal
components) to a low-noise preamplifier (gain 1000) mounted on the outside wall
of the cryostat, followed by a Stanford Research Systems amplifier-filter bank and
finally a Stanford Research Systems lock-in amplifier. A lock-in amplifier is used
to extract a signal with a known carrier frequency from a noisy environment. In
our case, the known carrier is the frequency of the chopper, so the TTL reference
signal for the lock-in is acquired from the chopper. The analog output from the
lock-in amplifier, configured to be proportional to the amplitude of the signal, is
digitised with a National Instruments PCI-MIO-16XE-IO ADC card. Drives and
data acquisition system are controlled with a Labview program.

When running the spectral arm, data is acquired every 16µm of travel, or 32µm
of optical path difference (OPD), which corresponds to a Nyquist sampling of 4.7
THz. The data presented corresponds to a scanning of the spectral arm from the
nominal zero path difference along 3.2cm, at 0.005cm/s.

One would generally prefer to operate in a fast scan mode without a chopper, as it
allows monitoring of the source variability, atmospheric variability and noise spikes,
and also faster operation. However, depending on the detector time of response,



44 3 Spectro-Spatial Interferometry Testbeds

faster scans cause asymmetry in the resulting interferogram due to the integration
time constant of the bolometer.

Initial alignment of the testbed was achieved with a continuous wave green laser
mounted on the optical axis between the beam combiner and the detector, pointing in
the direction of the source. The detector position was then set to provide maximum
signal with the MAL source with the spectral arm a long way from the ZPD.

3.1.2 Characterization of the System

After performing the optical alignment, the alignment with the millimetre beam can
be investigated, and the illumination response evaluated.

3.1.2.1 Vignetting at the Spectral Arm

The effect of spatial filtering due to the physical dimensions of the optical elements
is the vignetting. The result is a gradual decrease in light intensity towards the image
periphery. When referring to the spectral arm, it means the distortion and/or attenua-
tion due to the motion of the mirrors along the optical path. Figure3.2 (right) shows a
set of interferograms, both forwards (sample 0–2000) and backwards (sample 2001–
4000). The position corresponding to the sample 0 refers to the longest optical path
length (the rooftop mirror is situated at the far end of the mechanical stage), sample
2000 refers to the shortest optical path length (the rooftop mirror is situated at the
near end of the mechanical stage). The observed 38% variation of amplitude along
the length of the spectral arm (between sample 0 and sample 2000) is the vignetting.
This effect can be removed during the data processing through polynomial fitting.
Figure3.2 (left) shows a detail of this signal variation and its polynomial fit.
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Fig. 3.2 Forward (samples 0–2000) and backward (samples 2001–4000) interferograms (right)
presenting vignetting effect and detail of the signal variation and polynomial fit (left). Different
colours indicate different baseline separations
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Fig. 3.3 Single slit
interferogram. Forward and
backward data acquisition
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3.1.2.2 Positional Accuracy of the Drive

Figure3.3 shows an interferogramplotted against position as reported by the drive, for
both a forward andbackward scan (4.8mmspan, 1 sample per 16µmthat corresponds
to 300 samples), showing a clear offset between the forward and backward scans.
This is a potential indicator of backlash in the system or delay in the acquisition
system. The reported position is calculated internally in the Thorlabs Long Travel
Stage either from an incremental encoder mounted to the ballscrew or by counting
pulses sent to the encoder. Also in this test setup, the rooftop mirror is mounted on a
standard Thorlabs right angle mount, which interfaces to the drive via an aluminium
tube. This places themajority of themass on the end of a lever arm.When accelerating
the drive up to 10mm/s (for fast-scanning mode), at 10mm/s2, this starts to oscillate,
adding noticeable fringing to the resulting interferogram.

3.1.2.3 Optical Efficiency of the System

From the source to the detector, infrared light covers an optical path of more than
8m, which means that a considerable amount of power is lost during travel due to
vignetting by the optical components of the system (mirrors, filters, among others).
Atmospheric attenuation is also present at these wavelengths, meaning the so-called
water-lines mask part of the spectra. For these reasons the optical efficiency has to be
modelled and understood, to overcome as much as possible or to discriminate signal
from environmental/system noise.

Detector system: bolometer, filters and Winston cone in a liquid helium
cryostat The detector system is a QMC Instruments Ltd (QMC Instruments Ltd
2005). detector system type QSIB/2 which incorporates a composite structure
silicon thermal bolometer. The detector is mounted in an optical integrating cavity
behind Winston cone optics and low pass blocking filters. These components are
mounted in a type TK1813 liquid helium cryostat. The active absorbing area of the
detector is 2mmdiameter, and it is designed for operation around 4.2K.Multimesh
filter technology (Pisano et al. 2008; Ade et al. 2006) allows high in-band
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transmission efficiency and good out-of-band rejection in order to generate the
right conditions for ultra-sensitive detection, i.e. by reducing the radiative heat load
incident on the liquid helium cooled stage of the cryostat. The detector feedhorn
is a Winston cone (Harper et al. 1976), whose circular aperture is 10mm diameter,
designed to maximise the collection of incoming radiation within a given field
of view: all the rays passing through the entrance aperture go through the exit
aperture due to multiple reflections. Waveguide theory (David 2005) shows that
the exit diameter of this cone defines the cut-off wavenumber of the system, which
for the dominant mode TE11 is

νc = 1.8142

πdexit
(3.1)

For the FIRI testbed dexit = 2mm and the cut-off wavenumber is νc = 2.89cm−1.

Beam-splitter
The beams from the two arms are combined at a metal mesh photolithographic
structure designed as a beam splitter built from capacitive and inductive meshes
(Ade et al. 2006) to achieve a nearly constant equal transmission and reflection
over a broad band.

Vignetting
The effect of geometric filtering by the limiting size of optical elements is the
vignetting. This means that the power is modulated by the point spread function
of the optical elements. In the case of a circular aperture, the modulation function
has a sinc like profile; for squared apertures, the modulation function has a Bessel
profile in both x and y directions of the signal. This effect can be simulated and
understood, and can be reduced by re-designing the system to accommodate larger
optical elements.

Atmospheric attenuation
Themain problem of Far-Infrared ground based interferometers is the atmospheric
attenuation at these frequencies. This effect can only be removed if the interfer-
ometer is space-based. However, water lines can be useful as a first instrument
approach to calibrate the test-bed. Figure3.4 (left) shows the atmospheric attenu-
ation and the Winston cone filtering in the 0–40cm−1 wavenumber range.

3.1.3 Initial Results

Shown in Fig. 3.4 (right) are the resultant spectra from interferograms corresponding
to different spatial baselines with the single slit in front of the MAL. Comparing
with Fig. 3.4 (left), the water absorption lines at 18.6, 25.1 and 32.9cm−1 are clearly
visible. The loss of power at high frequencies appears due to the finite size of the
source being spatially resolved, as the wavelength is comparable to the size of the
aperture.
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Fig. 3.4 (Left) Atmospheric transmission (blue line) and cut-off wavenumber due to the Winston
cone (green line). (Right) Spectra for different spatial baselines with a single slit (1mmwide) source
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Fig. 3.5 Spectra for different spatial baselines with a double slit aperture in front of the MAL (left)
and with a double slit aperture in front of the MAL with one of the slits covered with a low pass
filter (right)

Some other measurements were taken with different source configurations.
Figure3.5 (left) shows the spectra obtained when a double slit aperture is positioned
in front of the MAL. The last measurement shown in Fig. 3.5 (right) corresponds to
the spectrameasuredwhen one of the two slits is ‘blocked’ with a low-pass frequency
edge filter.

From these measurements one can extract information about the sources
being measured. For the single slit aperture, we can actually distinguish the contri-
bution of the two described techniques: for low frequency measurements, the inter-
ferometric beam for any baseline length is spatially bigger than the source and by
performing an FTS scan the spectra of the source is recorded. However, at higher
frequencies the source is being spatially resolved as the baseline length increases,
and the interferometric modulation due to this baseline separation appears, which
corresponds to the Stellar Interferometer contribution.
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For a double slit source, the modulation due to the source being spatially resolved
appears at lower frequencies, as expected, because the source is spatially bigger
than the interferometric beam for any baseline length. In this particular case, this
modulation due to the Stellar Interferometer almost reaches zero intensity, because
we are interfering two almost identical sources and therefore destructive interference
is achieved. The destructive interference is not complete due to the different optical
elements in the system (i.e. transmissions of the optical elements, the ‘spectral’ arm
contains one extra mirror compared to the ‘spatial’ arm).

For the double slit source when one of the slits is covered with a low pass filter,
destructive interference is not achieved. In order to extractmore information about the
filter contribution to the modulation, the low pass filter should be fully characterised.

3.1.3.1 Phase Correction

The Forman phase correction algorithm, presented in Chap. 2, is shown in Fig. 3.6.
Initially, the raw interferogram is cropped around the zero path difference (ZPD) to
get a symmetric interferogram called subset. This subset is multiplied by a triangular
apodization function and Fourier transformed. With the complex phase obtained
from the FFT a convolution Kernel is obtained, which is used to filter the original
interferogram and correct the phase. Finally the result of the last operation is Fourier
transformed to get the phase corrected spectrum. This process is repeated until the
convolution Kernel approximates to a Dirac delta function.

Note that the phase correction algorithm has not been applied in the previous
spectra, as we are interested in the modulation present due to the slit separation,
because it is the contribution of the stellar interferometer. The phase correction
algorithm is necessary and recommendedwhen performing FTS-onlymeasurements,
this is, splitting the incoming light after the ‘spectral’ arm telescope (Telescope 2 in
Fig. 3.1) and recombining the two beams on the beam splitter after one of them has
been delayed with the delay line.

3.1.4 Forward Modelling

The interferogram acquired when a single slit is used to cover the source is known,
and the spectrum of the source can be recovered by Fourier transforming and phase
correcting the data. However, when more complex sources (i.e. extended sources)
are used, it is difficult to discern if the final spectrum is actually the one desired.
Moreover, the final goal of the system is to detect unknown sources, so previous
spectral data will not be available.

In order to analyze the interferogram recordedwith a double slit sourcewe adopted
the following approach. Initially, we record the interferogram from a single slit
source and the shortest baseline available (IGsingle). As we know the new source is a
double slit source, we can assume that the resultant interferogram (IGdouble) is a linear

http://dx.doi.org/10.1007/978-3-319-29400-1_2
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Fig. 3.6 Phase correction algorithm flux diagram

combination of two single slit interferograms. These two single slit interferograms
are weighted (c1, c2) and shifted (S) relatively (r) and absolutely (a).

IGdouble = S{a, c1 · IGsingle + c2 · S{r, IGsingle}} (3.2)

Figure3.7 shows an example of the measured spectral interferograms for spatial
baselines 217, 292 and 367mm and the approach described above.

To compute the coefficients listed above we use a least squares fitting method.
Figure3.8 left shows the evolution of the shift parameters as a function of the baseline.
As expected, while the absolute shift a does not present a baseline dependence, the
relative shift increases linearly as a function of the baseline: as the distance between
the two antennas increases, the optical path difference between signals increase and a
higher shift is required. Figure3.8 right shows the evolution of theweight coefficients.
c1 remains close to 1 while c2 slightly decreases as a function of the baseline, which
can be explained by the antenna response and the vignetting effects.

These coefficients can be used to test the physical system, as the slit separation
of the source can be extracted from the relative shift coefficients. From one side
Zemax modelling allows us to calculate the Focal Plane Scale (FPS), which gives
us information of the deviation of angle Δθ of incidence of the rays on the antenna
when the source position is shifted a distance d in the way

Δθ = d · FPS (3.3)
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Fig. 3.7 Measured spectral interferograms (black) andmodel fit (blue) for spatial baselines 217mm
(top), 292mm (middle) and 367mm (bottom) for a double slit source. (Coefficients: absolute shift
a|relative shift r|c1|c2)
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Fig. 3.8 The absolute shift and relative shift (left), and scaling parameters (right) as a function of
the baseline

When Δθ is known, we can compute the optical path difference ΔOP as

ΔOP = Δant2 − Δant1 = b · (sin θ2 − sin θ1) � b · sinΔθ (3.4)

As shown in Fig. 3.9, ΔOP increases as the baseline increases. On the other side, as
the forward modelling combines two single interferograms separated by a distance
d, the optical path difference between the rays on each antenna can be extracted from
the relative shift r between interferograms as

ΔOP = r

N
32 [µm] (3.5)

where N is the interpolation rate, in this case N = 10, and 32µm is the optical path
displacement per sampling point.

In conclusion, the distance between the two slits can be calculated and compared
to the test-bedmeasurement. In this case, as shown in Fig. 3.10, comparing the optical
path difference from the Zemax modelling and the optical path difference from the
forward datamodelling as a function of the baseline gives us a slit distance of 5.7mm.
The distance measured on the source is 5.5mm, which means a difference of 3.5%.

Once the method has been tested for a simple double slit source representing two
identical point sources, the next step is to apply this method for different sources. To
achieve this, we use again a double slit source but one of the apertures being covered
with a low-pass spectral filter (LPF) with cut-off wavenumber at 21cm−1, to simulate
two different sources in the sky and increase the complexity of the procedure. The
new forward modelling method to compute the new source from the single slit data is

IGdouble = S{a, c1 · IGsingle + c2 · S{r, IGLPF}} (3.6)

In this situation the weight coefficient c2 is expected to be substantially lower, as
a considerably amount of power is filtered. Applying the previous least squares
algorithm for different coefficient values and different cut-off wavenumbers (but
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assuming from the previous case that the absolute shift is constant and the relative
shift varies as a function of the baseline) we compute the partially-simulated inter-
ferograms for different values of the low-pass filter, more specifically, for cut-off
wavenumbers of 11, 14, 17, 20, 23 and 26cm−1.

Figure3.11 (left) shows the reduced χ2 distribution of the fit of the real interfero-
gram with the simulated interferogram for different cut-off wavenumbers. It can be
observed that a minimum peak appears around 20cm−1. Figure3.11 (right) presents
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Fig. 3.11 Reduced χ2 distribution of the fit of the real interferogram with the simulated inter-
ferogram for different cut-off wavenumbers (left). Real interferogram (black) and the computed
one (blue) when a 21cm−1 filter is introduced (right). The weight coefficients are c1 = 1.07 and
c2 = 0.45

the real interferogram and the computed one when a 21cm−1 filter is introduced. The
weight coefficients suggest the method is working properly, because as expected, c2
is lower than c1. The low value of the reduced χ2 is due to an overestimation of the
uncertainty.

Even though these results are promising and help to understand the overall system
features, the fact that a previous knowledge of the source is needed in order to be
identified is constraining. For this reason a test-bed simulator with ZEMAX is being
built,whichwill allowcharacterisation of the system, and to understand andminimize
errors such as vignetting and misalignment. Also, the instrument simulator FIInS
described in Chap.5 is capable of performing an analytical demonstration of the
spectro-spatial interferometry, and more specifically to validate the testbed results.

3.1.5 Current Issues and Next Steps

A number of features still can be improved in the system, which can be addressed
both with improved modelling and hardware changes. Regarding the hardware, the
beamwalk-off or vignetting in the spectral arm of the interferometer, as illustrated in
Fig. 3.2 (left), should be reduced by using beam focusing optics. Also, themechanical
construction of the aperture mask is not robust, and if we are to move to higher
frequencies, then the uniformity of the slit edges and parallelism need to be more
carefully controlled by utilising photolithographic-made aperture masks. In further
work, more robust scenes will be used, as well as tunable sources. Finally, there
exists the possibility of unbalanced spectral throughput in each interferometer arm,
which can lead to spectral phase errors. This can be monitored by examining both
output ports at the beam splitter.

http://dx.doi.org/10.1007/978-3-319-29400-1_5
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The use of a step and sample scan method is inefficient compared with rapid scan
techniques for the spectral drive. A future upgrade involves the installation of a rapid
scan drive with improved metrology to increase the overall observing efficiency and
provide absolute phase measurement.

As we explore more complex scenes, more sophisticated data-processing tech-
niquesmust be considered. The current forwardmodelling is limited to the knowledge
of the single slit spectral information. These requirements include observations of
known point-like sources to calibrate the instrument or taking advantage of tech-
niques such as self-calibration, where a known point source in a complex scene is
used to calibrate the system.

3.2 Wide-Field Imaging Interferometry Testbed (WIIT)

The Wide-Field Imaging Interferometry Testbed (Leisawitz et al. 2003) (WIIT)
is located at NASA’s Goddard Space Flight Center, specifically at the Goddard
Advanced Interferometry and Metrology Laboratory (AIM Lab). The AIM Lab is
a world-class facility, which was developed with the requirements of this particular
experiment in mind. A combination of thermal stability, acoustic isolation, passive
and active vibration control, and gentle, laminar air flow in a clean room allow the
data obtained with WIIT in the AIM Lab to be practically free of environmentally
induced errors. In the summer of 2012 I spent five weeks at NASA’s Goddard Space
Flight Center to understand the data acquisition process, and the data analysis and
synthesis of WIIT. My main contribution has been in the data analysis detailed in
this chapter.

The design and assembly of the testbed took place over a two-year period begin-
ning inMay 1999, and culminated in detection of the first white light fringes in 2001,
but major improvements have been implemented since (Rinehart et al. 2010). It is
designed to develop and validate the dual-Michelson interferometric technique. By
combining Michelson stellar interferometry with Fourier-transform spectroscopy,
and using a detector array instead of a single-pixel detector, the WIIT is capable of
measuring high-resolution spatial-spectral data over a large field-of-view, which will
be detailed in the next section.

3.2.1 The Testbed

WIIT is a 1:150 functional scale model of the space far-IR interferometer SPIRIT,
and is designed to observe complex scenes representative of far-IR astronomical
fields. It provides full uv-plane coverage and a wide FOV, operating at visible rather
than far-IR wavelengths for several practical reasons (Leisawitz et al. 2012): (a) the
optical apertures and the delay line are scaled down from those intended for a far-
IR instrument in proportion to the wavelength; (b) a CCD detector with sensitivity
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limited by photon noise (as expected in a cold far-IR space interferometer) was
commercially available and affordable; (c) many other parts, such as translation and
rotation stages, were available off-the shelf and inexpensive; and (d) a commercial
optical metrology system accurate to 10nm was affordable.

The novel aspect of WIIT is the use of a detector array (a CCD camera) instead
of the single-pixel detector used in a traditional Michelson interferometer (as in the
Cardiff University Testbed). Each pixel on the detector records light arriving from
different parts of the sky (test scene). As the delay line is scanned, each pixel records
an interferogram unique to the field angle corresponding to the pixel. By using
observations at a wide range of uv-positions, obtained by rotating the source and
increasing/decreasing the interferometric baseline length, reconstructed images can
be produced for each pixel; these images can then be mosaiced together, producing a
wide field-of-view image with the full interferometric angular resolution. In reality, a
more sophisticated algorithm is used to generate a spatial-spectral data cube covering
the wide field of view (Lyon et al. 2008). By providing a long delay line scan, spectral
information for the observed sources is obtained. To obtain a spectral resolution R
requires an optical path delay (OPD) scan range of δ = Rλ.

To understand how WIIT images a wide field of view next consider a source
located at an angle θ relative to the optical axis, as illustrated in Fig. 3.12. If the
angular offset is in a direction parallel to the baseline vector established by the
antennas (or collector mirrors), and we define this as the ‘x’ direction, then light
from the off-axis source will be brought to a focus on a pixel (x0 − δx, y0) with

δx = f θ (3.7)

and where f is the focal length of the re-imaging lens. In other words the re-imaging
lens is performing an optical Fourier transform of the input plane waves. The signal

Fig. 3.12 Light rays from a source located on the optical axis of the collimating mirror (solid
lines), after passing along opposite arms of the interferometer, reach the beam combiner at right
angles. A lens images those rays onto pixel (x0, y0). As the optical delay line is scanned the pixels
record an interferogram. Light rays from an off-axis source (dashed lines) strike the beam combiner
symmetrically but at an acute or obtuse angle. These rays are imaged onto pixel (x0 −δx, y0), which
records an interferogram whose ZPD is displaced δx relative to the ZPD for an on-axis source.
(Figure adapted from Leisawitz et al. 2003)
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recorded as a function of time by a camera pixel located at (x0 − δx, y0) will be an
interferogram whose Fourier transform is the spectrum of the off-axis source at the
spatial frequency sampled by the baseline b = b0cos(θ)which is the projection of the
source on the baseline and the zero path difference (ZPD) will be displaced relative
to its location for the on-axis source by an amount dZPD = b0 sin θ . Therefore, by
stroking the delay line through a distance greater than the required for spectroscopy,
one can allow for the ZPD shift and obtain useful interferometric data for off-axis
sources.

Figure3.13 shows a schematic of the WIIT experimental setup. Light from the
test scene, generated by the Calibrated Hyperspectral Image Projector (Bolcar et al.
2012) (CHIP) and located at the focus of the collimating mirror, is projected into the
interferometer. The two collector mirrors feed the two arms of the interferometer.
One of these arms consists solely of fixed flat mirrors (fixed arm), while the other
includes a pair of mirrors mounted on the delay line stage in a rooftop configuration
(delay arm). The delay line scans a range of optical path difference between the two
arms of the interferometer. The beams from the two arms are recombined within the
beam splitter, and the output from one of the two output ports is focused onto a CCD
camera by a lens group. The source scene is rotated via software, providing access to
all possible baseline orientations. The collector mirrors can bemoved along a straight
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Fig. 3.13 Schematic of the WIIT experimental setup. Light from the test scene (source) located at
the focus of the collimating mirror is projected into the interferometer. The two collector mirrors
separated by the baseline length feed the two arms of the interferometer. One of these arms consists
solely of fixed flat mirrors (lower arm, fixed), while the other includes a pair of mirrors mounted
on the delay line stage in a rooftop configuration (upper arm, delay arm). The delay line scans a
range of optical path difference between the two arms of the interferometer. The beams from the
two arms are recombined at the combiner (beam splitter), and the output from one of the two output
ports is focused onto a CCD camera by a lens group. The demagnification of the DMD plane is also
shown: a relay lens system images the DMD plane to the WIIT source plane while demagnifying
the DMD by a factor 0.147. The testbed provides an additional demagnification of 0.835 due to the
WIIT collimator and lens system
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rail to vary baseline length. Compared to the testbed set in Cardiff University, WIIT
moves both collector mirrors instead of just one arm.

3.2.1.1 The Calibrated Hyperspectral Image Projector (CHIP)

The Calibrated Hyperspectral Image Projector (CHIP), located at the focus of the
collimating mirror, generates the scene to be measured. It is based on an instrument
first pioneered by the Optical Technologies Division at the National Institute of
Standards and Technology (NIST). The basic design uses a combination of Digital
Light Processing (DLP) projectors to produce complex spectra and complex scenes,
similarly to commercially available video projectors. In DLP projectors, the image
is created by microscopically small mirrors laid out in a matrix on a semiconductor
chip, known as a Digital Micromirror Device (DMD). When the micromirrors of the
DMD are ‘on’ the light is reflected to create the desired image.

In CHIP there are two DLP projectors to create custom, spectrally diverse and
spatially complex scenes. The two DLP engines (a spectral engine and a spatial
engine) operate in series to produce the scene to be measured. First, a broadband
source is dispersed onto the DMDof the spectral engine such that individual columns
of themirror aremapped to individual wavelengths. By turning themirrors in a single
column ‘on’, the user includes that specific wavelength in the output. The number of
‘on’ mirrors in a column determines the relative intensity of the spectral component.
By selecting numerous columns and appropriately weighting the various spectral
components, the user generates a ‘basis spectrum’ of the hyperspectral scene to be
projected. CHIP is capable of producing arbitrary spectra in the band between 380
and 780nm with a spectral resolution of 5nm.

The spatial engine works very much like a basic video projector. A 2-dimensional
binary scene is generated on the DMD by turning the appropriate pixels ‘on’ or
‘off’. Alternatively, an 8-bit grey scale image can be generated using pulse-width
modulation to vary the amount of time a particular pixel is ‘on’ relative to the others.
Pixels within the DMD array are individually addressed, meaning that arbitrarily
complex scenes can be constructed with relative ease.

The spatial and spectral engines are synchronised to produce a hyperspectral
scene. Basis spectra are matched with image frames where the intensity of each
pixel in the frame determines how much of that basis spectrum is present in the
pixel. By cycling through a complete set of frames and their corresponding basis
spectra in a period of time that is short compared to the WIIT’s integration time, a
hyperspectral scene is produced.

TheCHIP image format is a 1024× 768 pixel array (the pixel size being 10.6µm).
As shown in Fig. 3.13 a commercial photography lens relays the DMD plane to the
WIIT source plane while demagnifying the DMD by a factor 0.147 (WIIT source
plane pixel size is 1.6µm). The testbed provides an additional demagnification of
0.835 due to the WIIT collimator and lens system, therefore the DMD pixels appear
to be 1.3µm pixels at the WIIT camera plane, or about 1/12 of a WIIT camera pixel.
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The angle that a single WIIT pixel subtends is called the WIIT plate scale, and
it is 7.88× 10−6 radiants or 1.63arcsec. A CHIP pixel appears to subtend 0.135
arcsec (1.63arcsec/12). The highest spatial resolution of theWIIT corresponds to the
maximumbaseline separation (230mm) andminimumwavelength (400nm), and it is
0.18arcsec. Therefore a single CHIP pixel remains unresolved byWIIT, allowing for
calibration of the interferograms collected by theWIIT. The CHIP scene is computer
generated and synchronised with the WIIT CCD camera exposure and optical delay
line motion, synchronisation that also enables simulation of interferometer rotation
and motion smearing associated with on-the-fly observing.

To summarise, the 1024× 768 pixel CHIP scene corresponds to 2.30× 1.73
arcmin FOV or approximately 85× 64 pixels of the CCD camera. However, on
the data acquisition process only the relevant CCD area is recorded to minimise the
volume of data to be stored.

3.2.1.2 Data Acquisition with WIIT

Raw data from theWIIT consists of a series of CCD camera frames corresponding to
the sampled optical path lengths and baselines and ancillary data (Leviton et al. 2003;
Leisawitz et al. 2003). To facilitate data reduction and analysis the science data and
synchronously collected ancillary data (Leviton et al. 2003) (such as environmental,
optical and electro-mechanical metrology) are recorded in the astronomical standard
FITS (Flexible Image Transport System) format. All of the data from a single delay
line scan and fixed rotation baseline (length and angle) are recorded in a single FITS
file. The header and housekeeping data records in the file include all the information
needed to calculate the baseline vector.

At a given baseline position and rotation a data cube is collected. Each plane of the
cube is a 85× 64 pixel image if the full FOV is recorded. Typically a 70× 50 pixel
image is recorded. Each cube contains a number of planes or frames proportional
to the total optical path range to be scanned and the delay line increments, with the
finest step size measured with the metrology system being 9.89nm. For example, if
the desired optical path range is 60µm this corresponds to approximately 6000 steps
of the delay line and thus this number of frames to each baseline cube.

3.2.1.3 Expected Results

Themain goals ofWIIT are to observe astronomically representative test scenes with
a Double Fourier interferometer that is equivalent in functionality and performance
to a space far-IR interferometer, and compare observed interferograms with those
predicted by a high-fidelity computer model of the testbed in which error terms
associated with individual hardware components are modelled and can be switched
on or off. This comparison can be performed by visibility analysis.

Different sources of errors will lead to a fringe visibility loss, for example
imperfect optical components and detectors, undersampling of the spatial Fourier
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components, photon noise, motion smearing, and artifacts associated with image
construction. Specifically for WIIT, imperfect surfaces and alignment are the domi-
nant contributors to a net 16% loss of fringe visibility relative to a perfect interfero-
meter (Leisawitz et al. 2012). In other words, when an unresolved source (V = 1) is
observed with WIIT, the measured visibility is about 0.84.

3.2.2 Data Analysis

For each measurement, the data consist of a series of FITS files. Each FITS file
consist of a series of CCD camera frames corresponding to the sampled optical path
lengths for a given baseline separation and rotation of the scene and the metrology
data for each delay line position. The delay line moves approximate increments of
9.89nm.

3.2.2.1 Data Format

The best way to understand how the data is structured is looking at actual data. One
of the first data sets obtained by WIIT with CHIP as the scene projector on June
2012 measured a 5× 5 point sources array. The baseline separations range from 30
to 220mm with 10mm steps. For each baseline separation the CHIP scene is rotated
to simulate the rotation of the sky and span the uv-coverage. For example, for a
baseline separation of 30mm the rotations of the scene are 0, 45, 90 −45 and −90◦.
As the centre of the baseline is aligned with the centre of the source scene, a rotation
of 90◦ is equivalent to a rotation of−90◦. For longer baselines, smaller rotation steps
need to be recorded for a better coverage of the scene, i.e. for a 220mm baseline 35
different rotations are recorded.

Figure3.14 (left) shows the position of the antennas for the different baselines
and rotations. Each colour represents a baseline separation. The uv-coverage (right)
is obtained by dividing the baseline separations by the wavelength. Different wave-
lengths generate different coverages: in the figure, the red coverage corresponds to
λ = 780nm and the blue coverage has been calculated at λ = 380nm.

3.2.2.2 Data Processing

Every FITS file consists of the Image data and the Table data. In this particular data
set the Image consists of 1830 frames, every frame being a 64× 66 pixels image.
The first 30 frames are dark frames, the 1800 other frames (corresponding to a
optical path scan of approximately 60µm) are the actual raw data cube containing
the interferograms. Thus the first step to reduce the data is to average the dark frames
and subtract the result (DF) to the raw data cube (IG).
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Fig. 3.14 (Left) For a given data set, position of the antennas for the different baseline lengths
and rotations. Each color represents a baseline separation. (Right) Corresponding uv-coverage at
λ = 780nm (red) and λ = 380nm (blue)
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Fig. 3.15 For the 5× 5 point sources array scene, averaged dark frame (left) and the data after the
dark frame subtraction (right)

Figure3.15 shows the averaged dark frame (left) and the data after the dark frame
subtraction (right). However, looking at the data it can be observed that there is a
residual or background illumination.After this data setwas acquired itwas discovered
that the background was because of the CHIP itself and it will be discussed later in
this chapter.

To correct the background illumination Mathematical Morphology (Serra 1983)
techniques are applied.MathematicalMorphology was born in 1964 from the collab-
orative work of Georges Matheron and Jean Serra, at the École des Mines de Paris,
France. It provides an approach to the processing of digital images which is based
on shape.
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Fig. 3.16 Flow diagram of the data processing operations. First the averaged dark frame (DF)
is subtracted from the raw data (IG). Then the background illumination is calculated (BG) and
extracted for every frame (IG-DF-BG)

The function used to perform the background illumination subtraction is Opening,
the Dilation of the Erosion of an image by a structuring element. Together with
closing, the opening serves in computer vision and image processing as a basic
workhorse of morphological noise removal. Opening removes small objects from the
foreground of an image, placing them in the background. However, in this situation
the small objects are the objects of interest, the sources being measured. Therefore,
by selecting an appropriate structuring element (circle of radius bigger than the
point source, but smaller not to contain 2 sources), the sources are removed and
the background illumination is extracted. Then the background illumination (BG) is
subtracted from the data (IG-DF-BG).

Figure3.16 presents a complete flow diagram of the operations performed. Back-
ground Illumination Calculation is where the Morphological Opening is performed.
It is performed for each frame or optical path step. It is a computationally heavy
process, but the calculation of a single background for the average of the data frames
resulted in unreal interferogram visibilities greater than 1. Figure3.17 (left) shows
the extracted background illumination byMathematicalMorphology using as a struc-
turing element a disc or radius 5 pixel, and the resulting data after the extraction of
the background illumination (right).

3.2.2.3 Visibility Analysis

Once the data has been ‘cleaned’ a study of the interferogram can be performed.
However, the first step consist in the reduction of the noise of the interferograms. To
do this, a 3× 3 binning is performed so the signal-to-noise ratio is increased. In this
situation the loss of resolution is not an issue as we are not trying to resolve point
source next to each other.
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Fig. 3.17 Background illumination calculated with Mathematical Morphology algorithms using
as a structuring element a disc or radius 5 pixel (left), and the resulting data after the extraction of
the background illumination (right)

Fig. 3.18 Number assigned to every source of the 5× 5 point source array (left) and real data where
the 3 reference sources 1, 13 and 25 are indicated (right)

Figure3.18 shows how the sources are coded from now on. Each of the 5× 5
sources is numbered from 1 to 25, and sources 1, 13 and 25 are used for reference.

Figure3.19 shows interferograms for the reference sources 1 (blue), 13 (green)
and 25 (red) for baselines of 30, 50, 70, 90 110 and 130mm. First of all, if we
look at the level of continuum signal for this 3 sources we can observe that sources
1 and 25 have a similar level of approximately 125 counts while source 13 has a
level of approximately 160 counts. This difference is due to a residual background
illumination. Looking at the plot for the baseline 30mm, it can be observed that the
distance between the zero path difference (ZPD) of the source 1 and 13 is equal to the
distance of ZPD between sources 13 and 25, approximately 10µm. As the baseline
is increased, this distance also increases. It can be observed that at baseline 130mm
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Fig. 3.19 Interferograms for the reference sources 1 (blue), 13 (green) and 25 (red) for baselines of
30, 50, 70, 90 110 and 130mm. The infterferogram of source 1 (blue) is lost after baseline 110mm
because the ZPD is not being scanned

there is no interferogram for the source 1. This is because the ZPD is not being
scanned. The use of wide-field interferometry requires to expand the optical path
difference scanning, as the ZPD of off-axis sources is shifted a distance proportional
to the baseline and the position angle on the sky or source simulator, this is dZPD =
b0 sin θ . Sources 1 and 13 are separated approximately 20 pixels on the CCD frame.
Using the WIIT plate scale introduced early in this chapter, the shift of ZPD should
be approximately 5µm for a baseline of 30mm, which disagrees from the recorded
data.
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Fig. 3.20 Extracted ZPD
distance between sources 1
and 3 (blue), 1 and 5 (green),
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Figure3.20 shows the expected ZPD distance between sources 1 and 3, 1 and 5,
and 3 and 5. It is important to know the expected ZPD evolution as the baseline is
increased to ensure recording interferograms for all the sources within the FOV.

Currently the possible factors for this disagreement are being studied, but it seems
there might be a malposition of the re-focusing lens system previous to the CCD
camera. In any case, this disagreement on the WIIT plate scale is not relevant to the
visibility analysis.

The visibility quantifies the contrast of interference referring to the amplitude of
the envelope of the interference fringe pattern and is approximately

V = Imax − Imin
Imax + Imin

(3.8)

where Imax and Imin are the maximum (constructive interference) and minimum
(destructive interference) intensities.

Figure3.21 shows the calculated visibilities for the point sources of the 5× 5
array as a function of the baseline separation. For the sources situated at column 1
(top-left image) the visibilities are approximately 0.8, meaning a drop of visibility
of around 20%, a value that is consistent with the predictions. From the baseline
120mm there is a drop of visibility. This is because the ZPD of the corresponding
interferogram is not being scanned. However, for the sources situated at column 2
(top-right image), and more specifically for source number 12 there is a 50% drop
of visibility. The reason for this situation is the background illumination peaking
at that position, as the image processing algorithm used has subtracted part of the
signal. The ZPD of the sources situated at column 2 is not scanned from a baseline
of 150mm, and hence a 20% visibility from that baseline. The same occurs for the
sources of column 3 (centre-left image) from a baseline of 190mm. The ZPD of the
sources located at column 4 (centre-right image) and 5 (bottom-left) is scanned for
every baseline, and the visibility remains around 0.8. Figure3.21 bottom-right shows
a direct comparison of the visibilities for the reference sources 1, 13 and 25.
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Fig. 3.21 Measured visibility for all the sources of the 5× 5 point source scene: column 1 (top
left), column 2 (top right), column 3 (centre left), column 4 (centre right) and column 5 (bottom
left), and comparison of the visibilities of the 3 reference sources (bottom right)
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Fig. 3.22 Computed background illumination using as a structure element a disk of radius 10 pixels
(left) and smoothed, and the measured background illumination after averaging 1200 frames (right)

3.2.2.4 Background Illumination

By inspection of the data it appears that the background illumination is common and
very similar for all the baselines, indicating that the source of it might be the CHIP
itself. For this reason a measurement of a CHIP scene where all the pixels are in
‘off’ position is performed. Figure3.22 shows the computed background illumina-
tion using as a structure element a disk or radius 10 pixels (left) and the measured
background illumination after averaging 1200 frames (right), both after subtraction
of the averaged dark frame. It can be observed that the number of counts and shape is
similar. However, as the process of data acquisition with WIIT requires the selection
of the area of interest of the CCD (for data volume purposes) a direct match between
the previous analyzed data and the measured background illumination would be
inaccurate, meaning this data cannot be used a posteriori.

From the day of this experiment, the data acquisition process has been modified.
Not only a set of dark frames is acquired before the data, also a set of background
frames is acquired for a reliable background illumination subtraction. Note that the
peak of the measured background illumination is consistent with the position of the
source number 12 of the 5× 5 point sources arraywhich presented a drop of visibility
of 50%.

3.2.2.5 An Example: The Pyramid

The 5× 5 point sources array data is a good set for validation and calibration of the
WIIT system. However, one of the objectives of WIIT is to observe astronomically
representative test scenes, which can be binary sources.

Figure3.23 (left) shows the distribution of sources with CHIP for a source rotation
of −90◦. 4 reference sources are placed at the corners (1, 2, 3 and 4), sources 5–9
are double point sources separated 0, 1, 2, 4 and 8 CHIP pixels respectively, forming
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Fig. 3.23 Pyramid distribution of sources with CHIP for a source rotation of −90◦. Numbers
assigned to the sources (left) and one of the frames of the data cube (right)

a ‘pyramid’. The separation between double sources is 128 CHIP pixels. One of the
frames of the measured data is shown in Fig. 3.23 (right).

Figure3.24 shows the interferograms recorded for the pyramid for different base-
line separations. The interferograms for sources 5–9 are clearly separated because
for this position of the source (rotation −90◦), the axis of the pyramid is parallel to
the baseline, so each angle corresponds to a ZPD displacement of dZPD = b0 sin θ .
However, in this configuration the interferograms corresponding to the reference
sources 1 and 2 overlap with the interferogram of source 9, and the interferograms
corresponding to the reference sources 3 and 4 overlap with the interferogram of
source 5. The instrument ‘sees’ the sources in the same position. By using wide-
field imaging interferometry the interferograms corresponding to different sources
are recorded in different pixels and can therefore be distinguished.

However, for this data set the scanned optical path difference is not scanning the
ZPD for all the sources of the scene. More specifically, after the baseline length of
70mm no ZPD of any source is scanned. As the WIIT plate scale has not yet been
redefined, a way to predict the ZPD evolution is by data fitting. Figure3.25 shows the
predicted ZPD (*) for all the baselines from the measured ZPD (o) for the science
sources (left) and the reference sources (right).

As the interferograms are not perfectly symmetric, it is recommended to scan
a range of 120µm around the ZPD. For the current configuration the last ZPD,
corresponding to the longest baseline for reference sources 1 and 2 and science
source 5, will appear for an OPD of −387.6µm, so the scanning length should be of
approximately 450µm.
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Fig. 3.24 Interferograms recorded for the pyramid test scene for baseline separations from 30 to
80mm with baseline steps of 10mm. Purple, yellow, black, dark blue and green correspond to
sources 5, 6, 7, 8 and 9 from Fig. 3.23, respectively. Turquoise corresponds to the reference source 1
and is overlapping with the interferogram corresponding to the reference source 2 (red). Light green
corresponds to the reference source 3 and is overlapping with the interferogram corresponding to
the reference source 4 (blue)
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3.2.3 Data Synthesis and Simulation

The WIIT team at NASA’s Goddard Space Flight Center has developed the Spatio-
spectral Synthesis Software (Lyon et al. 2008) (S4). This software processes the inter-
ferometric data cubes to produce a single spatial-spectral cube with 2-dimensional
high resolution images along a third spectral dimension. The output spatial-spectral
cube is an integral-field spectroscopic representation of the observedmodelled scene.
Input to S4 comprises asmany interferometric data cubes as desired, where each cube
corresponds to a unique interferometric baseline measurement (length and position
angle).

To compare the synthesised data they have also developed a computational optical
model of WIIT with the non-sequential optical system modelling software FRED
fromPhotonEngineering, LLC, called Spatio-spectral Interferometer Computational
Optical Model (SsICOM). Output data files from SsICOM are identical in format
to the FITS files that come from WIIT but with simulated data. SsICOM has the
capability of activating or deactivating imperfections associated with each individual
optical element and of adding shot noise to model photon-counting statistics. With
all imperfections activated, SsICOM models WIIT, while with all imperfections
deactivated, SsICOM predicts the performance of an ideal system.

3.2.4 Current Issues and Next Steps

As described above one of themain issues is regarding theWIIT plate scale. Although
it does not affect the quality of the data, it is required for the data synthesis process.
This problem has been addressed and new data includes information about this para-
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meter. It must be mentioned that every time the optics system is modified, this value
will need to be measured.

The AIM lab where WIIT is housed is a temperature controlled laboratory. How-
ever, during measurements corresponding to the data presented here the temperature
control systemwas turned off to avoid air turbulence. Currently an enclosure has been
positioned around WIIT to be able to operate the system with cooled temperatures.
This allows to reduce issues like drifts in the baseline source separations, which does
not affect the visibility analysis but is very important for the data synthesis.

3.3 Chapter Summary

In this chapter the two Spectro-Spatial Interferometry Testbeds in which I have been
involved during my programme have been presented: the FIRI laboratory testbed
and WIIT, the Wide-field Imaging Interferometry Testbed. Both testbeds demon-
strate the theory of Double Fourier Spatio-Spectral Interferometry or the application
of a Fourier-transform spectrometer (FTS) to aperture synthesis interferometry pre-
sented in the previous chapter, at far infrared wavelengths and optical wavelengths,
respectively.

The knowledge acquired by working with these systems has been applied in the
development of the instrument simulator FIInS described in the next chapter, as well
as for its validation. In Chap.5 a more detailed validation of FIInS via the FIRI
testbed is presented.

References

P.A.R. Ade, G. Pisano, C. Tucker, S. Weaver, A review of metal mesh filters, in Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Presented at the Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference, vol. 6275, July 2006. doi:10.1117/12.
673162

M.R. Bolcar, D.T. Leisawitz, S.F. Maher, S.A. Rinehart, Demonstration of the wide-field imaging
interferometer testbed using a calibrated hyperspectral image projector, in Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, vol. 8445 (2012)

W.F. Grainger, R. Juanola-Parramon, P.A.R. Ade, M. Griffin, F. Liggins, E. Pascale, G. Savini,
B. Swinyard, Demonstration of spectral and spatial interferometry at THz frequencies. Appl. Opt.
51(12), 2202–2211 (2012). doi:10.1364/AO.51.002202, http://ao.osa.org/abstract.cfm?URI=ao-
51-12-2202

D.A. Harper, R.H. Hildebrand, R. Winston, R. Stiening, Heat trap—an optimized far infrared field
optics system. Appl. Opt. 15, 53–60 (1976). doi:10.1364/AO.15.000053

F.P. Helmich, R.J. Ivison, FIRI a far-infrared interferometer. Exp. Astron. 23, 245–276 (2009).
doi:10.1007/s10686-008-9100-2

D.T. Leisawitz,M.R.Bolcar, R.G.Lyon, S.F.Maher,N.Memarsadeghi, S.A.Rinehart, E.J. Sinukoff,
Developing wide-field spatio-spectral interferometry for far-infrared space applications, in Soci-

http://dx.doi.org/10.1007/978-3-319-29400-1_5
http://dx.doi.org/10.1117/12.673162
http://dx.doi.org/10.1117/12.673162
http://dx.doi.org/10.1364/AO.51.002202
http://ao.osa.org/abstract.cfm?URI=ao-51-12-2202
http://ao.osa.org/abstract.cfm?URI=ao-51-12-2202
http://dx.doi.org/10.1364/AO.15.000053
http://dx.doi.org/10.1007/s10686-008-9100-2


References 71

ety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, vol. 8445 (2012)

D.T. Leisawitz, B.J. Frey, D.B. Leviton, A.J. Martino, W.L. Maynard, L.G. Mundy, S.A. Rinehart,
S.H. Teng, X. Zhang, Wide-field imaging interferometry testbed I: purpose, testbed design, data,
and synthesis algorithms, in Society of Photo-Optical Instrumentation Engineers (SPIE) Confer-
ence Series, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, vol.
4852, ed. by M. Shao, Feb 2003, pp. 255–267. doi:10.1117/12.460704

D.B. Leviton, B.J. Frey, D.T. Leisawitz, A.J. Martino, W.L. Maynard, L.G. Mundy, S.A. Rinehart,
S.H. Teng, X. Zhang, Wide-field imaging interferometry testbed 3: metrology subsystem, in
Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, vol. 4852, ed. by M. Shao, Feb
2003, pp. 827–838. doi:10.1117/12.460948

R.G. Lyon, S.A. Rinehart, D.T. Leisawitz, N. Memarsadeghi, Wide-field imaging interferome-
try testbed (WIIT): image construction algorithms, in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, vol. 7013, July 2008. doi:10.1117/12.789833

D.A. Naylor, B.G. Gom, SCUBA-2 imaging Fourier transform spectrometer, in Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Presented at the Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference, vol. 5159, ed. by S.S. Shen, P.E. Lewis,
Dec 2003, pp. 91–101. doi:10.1117/12.506395

E. Pascale, P.A.R. Ade, J.J. Bock, E.L. Chapin, J. Chung, M.J. Devlin, S. Dicker, M. Griffin,
J.O. Gundersen, M. Halpern, P.C. Hargrave, D.H. Hughes, J. Klein, C.J. MacTavish,
G. Marsden, P.G. Martin, T.G. Martin, P. Mauskopf, C.B. Netterfield, L. Olmi, G. Patanchon,
M. Rex, D. Scott, C. Semisch, N. Thomas, M.D.P. Truch, C. Tucker, G.S. Tucker, M.P. Viero,
D.V. Wiebe, The Balloon-borne large aperture submillimeter telescope: BLAST. Astrophys. J.
681, 400–414 (2008). doi:10.1086/588541

G. Pisano, G. Savini, P.A.R. Ade, V. Haynes, Metal-mesh achromatic half-wave plate for use at
submillimeter wavelengths. Appl. Opt. 47(33), 6251–6256 (2008). doi:10.1364/AO.47.006251,
http://ao.osa.org/abstract.cfm?URI=ao-47-33-6251

M. Pozar David, Microwave Engineering (Wiley, 2005)
S.A. Rinehart, D.T. Leisawitz, M.R. Bolcar, K.M. Chaprnka, R.G. Lyon, S.F. Maher,
N.Memarsadeghi, E.J. Sinukoff, E. Teichman, Recent progress in wide-field imaging interferom-
etry, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, vol. 7734, July 2010.
doi:10.1117/12.857108

J. Serra, Image Analysis and Mathematical Morphology (Academic Press Inc., Orlando, 1983).
ISBN 0126372403

QMC Instruments Ltd. Cryogenic Composite Bolometer System Operating Manual, April 2005

http://dx.doi.org/10.1117/12.460704
http://dx.doi.org/10.1117/12.460948
http://dx.doi.org/10.1117/12.789833
http://dx.doi.org/10.1117/12.506395
http://dx.doi.org/10.1086/588541
http://dx.doi.org/10.1364/AO.47.006251
http://ao.osa.org/abstract.cfm?URI=ao-47-33-6251
http://dx.doi.org/10.1117/12.857108


Chapter 4
Far-infrared Interferometer Instrument
Simulator (FIInS)

The Far-infrared Interferometer Instrument Simulator, FIInS, is an instrument
simulator for a Far-infrared Spectro-Spatial Interferometer. The main goal is to sim-
ulate both the input and the output of such a system, and compare the input sky map
with the synthesised one after data processing algorithms have been applied. With a
modular design, intermediate outputs are also available. In this chapter the different
modules created to build FIInS are described, from the sky map generator to the raw
data on the detectors module. In Chap.5 the data processing algorithms are presented
and the simulator is verified via the Cardiff-UCL FIRI testbed described in Chap.3.

4.1 FIInS Overview

FIInS has been developed usingMatlab ®. The selection of this software is due to
its user friendly environment. Eventually some of the heavy routines can be written
in c/c++ to increase the simulation speed. The simulator presents a modular design
for the testing of individual steps of the spectro-spatial interferometry technique.
From a global point of view, the simulator is divided in a sky generator module, an
instrument group of modules, and a data processing module (see Chap. 5), which is
currently tuned with the Cardiff-UCL FIRI testbed. However, these modules are not
fully independent as will be explained in the following sections. For the selection of
parameters, the user is provided with two Microsoft Excel files: one corresponding
to the parameters for the sky map definition, the other one for the definition of
the different instrument parameters (i.e. baseline range and configuration, spectral
parameters, efficiencies, among others).
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Fig. 4.1 Flow diagram of FIInS.Pink boxes indicate the sky simulator modules, blue boxes indicate
modules in the instrument model, the green box indicates the output of the simulator
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4.2 FIInS Architecture

FIInS is a modular simulator, and each module is activated in a sequential way
to recreate a spectro-spatial measurement via a core program. The easiest way to
understand how FIInS works is through a flow diagram, as shown in Fig. 4.1. Each
box in the flow diagram indicates a FIInS Module. Pink boxes correspond to the Sky
Simulator, blue boxes indicate modules inside the Instrument Model, and the green
box represents the output of the simulator.

The first step is to generate a Sky Map to be fed to the subsequent modules in
the Sky Generator Module and the corresponding photon noise, computed in the
Sky Photon Noise Module. In parallel, given the parameters defined by the user
for the instrument, an interferometric uv-map is created at the uv-Map Generator
Module from the position of the two telescopes. The FTSDrivemodule calculates the
spectrometer scan parameters. Once a uv-map and the scan parameters are defined,
the instrument beam is calculated at the Beam Generator Module. The sky map and
the beam are then combined to recreate the observed sky map.

The thermal system includes the Warm Optics Module and the Cold Optics Mod-
ule, which given the optical set-up and the optical parameters of the different optical
elements calculates the transmission of the sky map through the instrument. At this
point the physical properties of the instrument are defined and the Double Fourier
Modulation can be performed at the Double Fourier Module. Here is where the
interferograms are computed analytically for different baseline positions. If pointing
errors are selected, the Pointing Errors Module generates them and they are fed to
the Double Fourier Module.

At theDetectorNoiseModule, theNoiseEquivalent Power (NEP) associated to the
detectors and the 1/ f noise are calculated. In parallel, with the physical properties of
the system defined, the Background Power Module calculates the background power
noise due to the instrument and the CosmicMicrowave Background (CMB), Cosmic
Infrared Background (CIB) and Zodiacal Light.

Once all the simulated noises are computed, they are added to the interferograms
at the Add Noise Module to simulate more realistic measurements. The simulated
interferograms are then sent to the Detector Module, where the interferograms are
distorted according to the detector effects such as the time response. This interfer-
ograms are then sampled and readout at the Sampling and Readout Module, which
also stores the data for the data reduction and processing.

4.3 FIInS Parameters

FIInSuser parameters are defined in twoMicrosoft Excel files,FIInS_Instrument.xlsx
and SkyParams.xlsx. FIInS_Instrument.xlsx contains the parameters that define the
instrument itself, and are organised in sheet. In FTSectrograph the spectral band
where the instrument operates is defined, as well as the spectral resolution and the
sampling.
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FTSMecanical contains the drive speed and the number of scans to perform by
the spectrograph. In Interferometer the baseline parameters and the baseline config-
uration are selected. At Telescope the diameter, temperature, and emissivity of the
apertures are introduced. Combining the Interferometer and Telescope parameters,
the ForSkyParams sheet is updated in order to guide the user to define the sky map.
For example, the field of view is calculated so the user can place the sources in a posi-
tion inside the field of view of the instrument. The data cube size is also calculated
for an estimation of the simulation time.WarmOptics andCold Optics contain infor-
mation regarding temperatures, emissivities and transmissions of the optics of the
system. InBackground the emissivity and temperature of theCMB,CIB andZodiacal
light are stored. Finally, in Detectors the user can select the detector time constant,
optical efficiency, knee frequency for the 1/ f noise and acquisition frequency.

In SkyParams.xlsx the user defines the sky map to be created if no science input
map is used. The first sheet in the file is the one that the simulator reads, so different
configurations can be stored in the same file. The first option is the Full Width Half
Maximum (FWHM): if empty, a point source is created, if full, a Gaussian source is
simulatedwith this FWHM.The usermay input the source position in the sky at x_pos
and y_pos. If empty the simulator will display a sky grid where the user selects the
position or a source by clicking on that position. Temp is for the temperature inKelvin
of a Blackbody spectrum. cut-on and cut-off will filter the Blackbody spectrum at the
wavenumbers given at these parameters. For verification purposes, if the user inputs
1 the spectrum for that given source will be the one measured with the Cardiff-UCL
FIRI testbed. If the user inputs 0 the spectrum will consist of a single wavenumber
tone, defined at tone wl.

4.3.1 Control Flags

For simulation speed purposes and comparison between an ideal instrument or a
more realistic one, a series of effects within the simulator can also be activated or
deactivated by the user. The current control flags are

TimeEffects, that allows the computation of the interferograms in a way that time
effects such as the drive velocity errors can be included in the simulation.
DetectorEffects, to create a set of interferograms including all the detector effects
(otherwise the simulator returns the raw interferograms, which is described later
in this chapter).
CalculateBeam activates the computation of the instrument beam.
PointingErrors allows pointing errors to be included in the Double Fourier
Modulation.
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4.4 Sky Simulator

The Sky Simulator consists of two modules: the Sky Generator Module and the Sky
Photon Noise Module. The Sky Generator Module creates the input data cube to
which a Double Fourier Modulation will be applied. Once the data cube is created,
the Sky Photon Noise Module calculates the corresponding photon noise, that will
be added to the interferograms at the Add Noise Module.

4.4.1 Sky Generator Module

The Sky Generator Module is the module that generates the datacube to be fed to the
subsequent blocks. This data cube consists of series of 2-dimensional images of a
Sky. These 2-dimensional images are defined by the field of view (FOVx and FOV y)
of the instrument. Along the 3rd dimension of the Sky and where a source has been
positioned, the spectrum of this source is stored. The number of samples N defines
the number of the images and is determined such that there is no aliasing.

Figure4.2 shows the structure of the sky datacube (left) and the spectrum for two
pixels of the sky datacube (right) indicated as A (purple) and B (green) along the
wavenumbers axis ν. The axis θx and θy represent the position of the sources on the
sky grid, and Δθx and Δθy are the pixel size or angular resolution.

The Sky map module is capable of placing point sources or gaussian sources
on a sky grid defined by the FOV and the pixel resolution. Each source has its
own spectrum, which can be loaded from data (i.e. the spectrum measured with the
Cardiff-UCL testbed) or can be a black body of a given temperature and modified by

x 

y 

FOVx

F
O

V
y

x 

y 

In
te

ns
ity

In
te

ns
ity

A 

A 

B 

B 

Fig. 4.2 Sky datacube structure (left) and spectra stored in two pixels of the sky datacube (right)
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Fig. 4.3 Simulated sky datacube where 2 point sources (a, b) and 2 gaussian sources (c, d) with
different spectra have been placed on a sky grid

filters. A sky map consisting of 3 circular sources the position and diameter of which
is pseudo-random in a way that there are not spatial harmonics or beats present is
also available.

Figure4.3 shows an example of a simulated datacube, where 4 sources have been
positioned on the sky grid (left): two gaussian sources, and two point sources. The
spectra of these sources are different, corresponding to blackbodies of different tem-
peratures which have been multiplied by filters with different cut-on and cut-off
wavenumbers (right). For the loading of more complex sky map data cubes such as
science datacubes the simulator will interpolate or decimate to meet the instrument
parameters.

4.4.2 Sky Photon Noise Module

Once the sky map reaching the system is determined, one can compute the associ-
ated photon noise that will reach the detector. The fundamental limit of any ideal
photon integrating sub-mm detector is the noise associated with the Bose-Einstein
fluctuations in photon arrival rate (Lamarre 1986) which results in a photon noise
limited NEP

NEPph = √
2Qh f (1 + mB) ≈ √

2Qh f (4.1)

where Q is the sky power loading the detector at a frequency f from the sub-mm
source. B is the photon occupation number per mode and m the efficiency from
emission to detection of one mode. The (1 + mB) term is the correction to Poisson
statistics due to wave bunching (Boyd 1982; Baselmans 2012). Here we consider no
wave bunching, as the detector is considered single mode and so the dominant noise
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is the shot noise as before. Given the fact that the input sky map is a datacube of
considerable dimensions, it is computationally heavy to compute and integrate the
photon noise NEP for each position of the sky, for each baseline. For this reason,
the following approximation has been used. The number of photons for each sky
position per frequency is

N (θx,i , θy, j , fk) = SkyS(θx,i , θy, j , fk)

h fk
(4.2)

then the noise equivalent power associated to the number of photons per frequency
is

NEPph(νk) =
NFOVx∑

i=0

NFOVy∑

j=0

√
2N (θx,i , θy, j , fk)hνk (4.3)

Finally, the total data cube NEP is

NEPph,sky =
N∑

k=0

NEP( fk)d f (4.4)

4.5 Instrument Model

As shown in Sect. 4.2 the instrument model is comprised of a sequence of semi-
independent modules. In this section the different modules are described and the
connections between them shown.

4.5.1 uv-Map Generator Module

The uv-MapGeneratorModule calculates the baseline configuration according to the
user parameters. The user selects the minimum and maximum baseline length (bmin

and bmax , respectively) for each configuration and the spacing between baselines,
bstep. The minimum baseline will always be equal or bigger than the single dish
telescope diameter to perform interferometry. The geometric configurations available
are Fixed Arc Length, Fixed Angle, Spiral, Random and Single and are shown in
Fig. 4.4 for a single wavelength.

4.5.1.1 Fixed Arc Length Configuration

In this configuration the distance between consecutive baseline positions for a given
baseline length is constant. Figure4.4 top-left shows the uv-map in this situation.
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Fig. 4.4 Simulated uv-map for different baseline configurations for a fixed wavelength. Red and
blue dots represent the uv-positions corresponding to the baselines between telescopes. The sim-
ulated baselines configurations are Fixed Arc Length (top-left), Fixed Angle (top-right), Spiral
(bottom-left) and Random (bottom-right)

The blue and red colours represent the two telescopes conforming the interferometer.
The simulator creates a vector of telescope positions. Given the angle between two
consecutive baseline positions at bmin (user defined in degrees, αarc), this module
calculates the arc length

Larc = bmin

2

αarcπ

180
(4.5)

Following baseline positions are calculated to maintain the distance Larc between
consecutive positions. Selecting the baseline length step similar to Larc generates a
regular grid-like uv-map.
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4.5.1.2 Fixed Angle Configuration

When a Fixed Angle configuration is selected, in addition to the main baseline para-
meters the user also defines the maximum angle the baseline vector is going to rotate
αmax , and the number of steps within this angular rangewhere the instrument is going
to stop and perform spectroscopy measurements, Nα . Figure4.4 top-right shows the
uv-map in this situation.

4.5.1.3 Spiral Configuration

The Spiral configuration is the more realistic one in terms of telescope motion, and
it recreates a variation of an Archimedean spiral. The simulator first calculates the
number of turns of the spiral, Nturns = (bmax −bmin)/bstep. The user also defines the
number of baselines to be created, Nb. The baseline vector is then created in polar
coordinates as

φi = i

Nb
2πNturns (4.6)

ρi = φi

2π
bstep + bmin (4.7)

where i is an integer from 1 to Nb. Figure4.4 bottom-left shows the uv-map in this
situation.

4.5.1.4 Single Baseline Configuration

The Single Baseline configuration is the most simple one and is available for testing
purposes. It is simulated by setting a maximum baseline length bmax and a baseline
angle, α.

4.5.1.5 Random Configuration

This configuration is for testing purposes only. Given a maximum baseline bmax and
a number of baselines Nb the simulator calculates a randomly-generated baseline
vector. Figure4.4 bottom-right shows the uv-map in this situation.

4.5.2 FTS Drive Module

The FTS Drive Module generates the time-line, physical and optical position vectors
for the spectrometer scan. The user defines a band of operation for the instrument
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with the minimum and maximum wavelength (λmin and λmax ), the resolving power
R and the number of points per Nyquist sampling, NNyq . To avoid aliasing according
to the Nyquist criterion, the sampling frequency or wavenumber is greater than or
equal to twice the bandpass of the system, this is, νNyq ≥ 2νmax .

The first derived parameter is the spectral resolution, Δν, defined as

Δν = νmin

R
(4.8)

The maximum required optical path difference δmax is then given by the spectral
resolution Δν

δmax = 1

2Δν
(4.9)

and the optical delay is Δδ = (2νmax NNyq)
−1. Once the maximum optical path

difference and the optical delay are defined, the number of sampling points is defined
as

N = δmax

Δδ
(4.10)

which, for NNyq = 1, is equivalent to

N = νmax

Δν
(4.11)

If NNyq > 1, which results on a finer optical delay, the maximum wavenumber of
the system is then ν ′

max = NNyqνmax and the spectral resolution is conserved.
The optical path difference vector δ is a vector of N samples from 0 to δmax

sampled every Δδ. Depending on the optics design, the physical position vector will
range from 0 to x = δmax/2 (Martin-Pupplet configuration) or from 0 to x = δmax/4
(modified Mach-Zehnder design).

The time-line vector is then defined by the optical position and the optical velocity
V as t = δ/V . The optical velocity is derived from the driver velocity Vscan and the
Optical System Level (OSL), which depends on the band of interest and is described
in Sect. 4.5.5.2. With these parameters, the optical velocity is V = 2VscanOSL, and
the factor 2 is because of the selected Martin-Pupplet configuration.

4.5.3 Beam Calculator Module

The Beam Calculator Module generates the instrument beam as a function of the
FTS and interferometric input parameters selected by the user, and the telescope
parameters. The first derived parameter required is the interferometric angular res-
olution, ΔθI . For an interferometer with a maximum baseline bmax , the maximum
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angular resolution isΔθI ≈ λmin/bmax . Thus the required sky grid angular resolution
Δθmax = ΔθI /2 at the spatial domain (θx , θy). The beam has to be calculated such
that the angular resolution remains constant for each wavelength.

For a single dish with a diameter DTel the angular resolution is
ΔθS ≈ 1.22λmin/DTel , and the field of view at a given wavelength is
FOV = 2.44λ/DTel . The number of pixels required per FOV is

NFOV = FOV

ΔθI
= 2.44

λmax

DTel

1

ΔθI
(4.12)

The beam profile is a function of the wavelength and the required angular reso-
lution Δθmax , which defines the spatial span for the calculation of the illumination
profile in (x, y). The telescope illumination can be written as

f (x, y; ν) =
{
1 if (x2 + y2) < (DTel/2)2

0 otherwise
(4.13)

where −λ/Δθmax < (x, y) < λ/Δθmax . By performing the calculation of the tele-
scope profile at each wavelength by changing the spatial span, the spatial sky grid
remains constant. The software also allows a gaussian profile illumination function
to be used for the computation of the instrument beam. The instrument beam is
then calculated by performing a 2-dimensional Discrete Fourier Transform of the
illumination

Beam(θx , θy; ν) = DFT 2{ f (x, y)} =
N−1∑

n=0

M−1∑

m=0

f (xn, ym; ν)e− j2π( θx n
N + θym

M )

(4.14)
where N = M = NFOV . The normalised beam profile is

Beam(θx , θy; ν) = |beam(θx , θy; ν)|2
|beam(0, 0; ν)|2 (4.15)

This computed beam is then multiplied by the sky map. In order to avoid the inter-
polation or decimation of the sky map, these parameters can be used as an input for
the simulation of the sky map itself.

As an example, Fig. 4.5 shows the calculated normalised beam profile (right) for
a given wavenumber and for a telescope diameter DTel = 3m illuminated uniformly
(left).

An alternative to calculating the telescope beam profile is to use the Hankel
transform, valid for an ideal and circularly symmetric aperture. The calculation of
beam profiles using Hankel transforms is detailed in Appendix A.
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Fig. 4.5 Calculated beam for a given telescope diameter, DTel . Telescope illumination (top-left)
and its profile (bottom-left) and normalised beam profile (top-right) and its corresponding profile
(bottom-right)

4.5.4 Pointing Errors Module

In FIInS two types of pointing errors are considered: pointing errors affecting the
whole spacecraft (PES), and pointing errors relative to each of the telescopes of the
interferometer (PET1 and PET2). The pointing errors affecting the whole spacecraft
are considered as a tilt of the baseline vector with respect to the sky map vector,
while pointing error relative to each of the telescopes are computed as a shift of the
instrument beam with respect to the sky map.

Figure4.6 is a schematic of the pointing of the telescopes. If a perfect instrument
is simulated, each of the telescopes sees the same source with the same intensity
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Fig. 4.7 Simulated pointing position with an absolute pointing error (left) and the absolute pointing
error distribution in the x direction (right) including a gaussian fit to the data with σp = 2 arcsec

and with a given delay. However if there is a tilt of the baseline vector with respect
to the sky map plane, the same source is seen with the same intensity but with a
different delay respect the ideal position. FIInS applies both types of pointing error
simultaneously.

Each type of pointing error has an absolute and a relative component. The absolute
pointing error is defined as the measurable pointing error, which can be used at the
data reduction and processing. The relative pointing error is the non-measurable
pointing error and can not be corrected. The absolute pointing error follows a
Gaussian noise distribution with a 2 arcsec standard deviation, σp, according to Her-
schel Space Observatory pointing data (Pilbratt et al. 2010). The relative pointing
error follows a Gaussian noise distribution with a standard deviation corresponding
to the 10% of the absolute pointing error.

Figure4.7 shows the simulated pointing position with an absolute pointing error
(left) in the θx and θy space and the corresponding distribution (right, only in the
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x direction). The standard deviation for the absolute pointing error, as well as the
percentage for the relative pointing error, are user defined parameters and can be
modified.

4.5.5 Instrument Thermal System

The Instrument Thermal System is divided in two parts, theWarmOpticsModule and
the Cold OpticsModule. In theWarmOptics module the emissivity and transmission
of the optics external to the cryostat are modelled. In the Cold Optics Module the
emissivities and transmissions of the optics from the cryostat window to the detectors
are modelled. The current cold optics design is based on a FIRI design presented at
the CDF Report (ESA Concurrent Design Facility 2006). The warm optics consists
of a two telescope interferometer.

4.5.5.1 Warm Optics Module

Figure4.8 shows the collecting telescopes configuration. Each consists of a pair of
focal parabolas (primary M1, secondary M2) used in a Cassegrain configuration,
plus a fold flat used for coarse beam steering (M3). The design is based in NASA’s
SPIRIT proposal (Wilson et al. 2007). After the beam steering mirror the light is
directed to the windows (W) of the cryostat in order to enter the cold optics box.

The purpose of this module is to compute the emissivity and transmission of
the 3 components of each telescope. The emissivity of the primary (M1) and sec-
ondary (M2) is assumed to be the same and is based on Herschel mirror sample
measurements, with a wavelength-dependent emissivity based on the results of Fis-
cher (Fischer et al. 2004) who give the following equation for the best fit to the

Fig. 4.8 Collecting telescopes configuration consist of a pair of focal parabolas (primary M1,
secondary M2) used in a Cassegrain configuration and a fold flat used for coarse beam steering
(M3). Light is then directed to the cold optics box through the windows (W)
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Fig. 4.9 Reflector emissivity as a function of the wavelength

absorptivity α (or emissivity εre f ) of a dusty Herschel mirror sample

α = 0.0336λ−0.5 + 0.273λ−1 (4.16)

where the wavelength is given in µm. Figure4.9 shows the corresponding
emissivity per reflector as a function of the wavelength. Each reflector is assumed to
have a transmission t = 1 − ε.

For the beam steering mirror, the emissivity is assumed to be constant in the FIRI
band and is a user defined parameter. In this module the stray light component is also
modelled and assumed to have an emissivity proportional to the telescope emissivity,
εstray = 0.2εtel , where for this situation εtel is a user defined parameter.

4.5.5.2 Cold Optics Module

The incoming light from the two telescopes enters the cryostat through the windows
(W) from the left (red) and from the right (green) as shown in Fig. 4.10. The first
optical component is a NIR-FIR dichroic (NFD) that rejects the NIR radiation. The
light then goes through the delay lines and each dichroic (D) selects the band of
interest per each set of detectors (Det). The incoming light from the two sides of
the system then interferes at the beam splitter (BS) and one detector records the
interferogram and the other detector records the inverted interferogram. A filter (F)
before the beam splitter further selects the band that the dichroic selected. The current
configuration consists of 4 bands.

The Cold Optics Module computes the transmission of each side of the system
per band as a function of the transmissions of the individual elements, which are user
defined parameters, as well as the emissivities. Two parameters are defined, tL and
tR , which correspond to the left side transmission and the right side transmission,
respectively:

tL = tW tN FD(1 − εM)NML OSL−(OSL−1)tDtF tBS (4.17)
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Fig. 4.10 Instrument cold optics model for a proposed FIRI system. The incoming light from the
two telescopes enters the cryostat through the windows (W) from the left (red) and from the right
(green). A NIR-FIR dichroic (NFD) rejects the NIR radiation. Light travels through the delay lines
and a dichroic (D) selects the band of interest. The reflected light travels to the next delay line for
the measurement of another band of interest. OSL1 to OSL4 indicate the Optical System Level
or band of interest. The transmitted light from the dichroic (D) travels to the beam splitter (BS)
through a filter (F), where it interferes with the light coming from the other arm of the system.
Interferograms are recorded at the detectors (Det)

tR = tW tN FD(1 − εM)NMROSL−2(OSL−1)tDtFρBS (4.18)

where tW is the window efficiency, tN FD is the NIR-FIR dichroic transmission, εM
is the mirror emissivity, NML and NMR are the number of mirrors at the left and
right side, respectively, OSL is the optical system level used to select the band of
interest, tD is the dichroic transmission, tF is the filter transmission and tBS and
ρBS are the beam splitter transmission and reflection, respectively. For the inverted
interferogram tBS and ρBS need to be exchanged. Although in this current version
all the transmissions of the different components are constant, the simulator accepts
measured transmissions as a function of the wavelength as an input parameter. In
FIInS, the OSL also defines the filter for the band of interest for the calculation of
the background power.
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Table 4.1 Transmission to the detectors for the different elements

Element Temperature Transmission Transmission to detector Emissivity

Tel. primary Ttel t1 td0L ,R = t1t2tBSM tL ,R ε1 = εre f

Tel. secondary Ttel t2 td1L ,R = t2tBSM tL ,R ε2 = εre f

BSM Ttel tBSM td2L ,R = tBSM tL ,R ε3 = εBSM

Box (L, R) Tbox tL ,R td4L ,R = 1 ε5 = 1 − tL ,R

L and R indicate the left and right side of the system

4.5.6 Background Power Module

Once the transmission of the different optical elements has been computed, the
Background Power Module calculates the photon noise associated to the system
from the emission of all the elements between the sky and the detector. The system
is defined by four elements at different temperature stages. The primary mirror, the
secondarymirror and the beam steeringmirror at Ttel temperature, and the cold optics
box or cryostat at Tbox temperature. Both Ttel and Tbox are user defined.

The first step is the computation of the transmission to the detectors td for the
different elements.Again the left and right side of the systemare considered. Table4.1
shows the list of elements and their properties, where L and R indicate the path of
the system.

The stray light contribution is calculated as the product of the blackbody emis-
sion from the Sun multiplied by the scattering coefficient (user defined), transmitted
through the full instrument (td0L ,R).

Once the individual transmissions and emissivities are known for each element i ,
the background power level on detector, Q is computed.

QiL ,R = ηdet

∫ νmax

νmin

εi (ν)tdi (ν)AΩ(ν)B(Ti , ν)dν (4.19)

where ηdet is the detector efficiency, A is the collecting area andΩ is the solid angle,
computed at theBeamCalculatorModule for eachwavenumber. νmin and νmax are the
cut-on and cut-off wavenumbers for each band. B(Ti , ν) is the Blackbody emission
at the element temperature. The total background power on the detector is the sum
of the contributions of the two arms of the system

Qtotal = Qtotal,L + Qtotal,R =
∑

i

QiR +
∑

i

QiL (4.20)

The simulator also takes into account the emission from theCosmicMicrowaveBack-
ground (CMB), the Cosmic Infrared Background (CIB) and Zodiacal light (Zodi),
at the respective temperatures TCMB , TCI B and TZodi . From internal communication,
the emissivites for these three components are
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εCMB(ν) = 1 (4.21)

εC I B(λ) = εC I B
200 × 10−6

λ
(4.22)

εZodi (λ) = εZodi

√
30 × 10−6

λ
(4.23)

The contribution from these sources is transmitted through all the elements in the
system. As an example, the background power on the detectors for the CMB is

QCMBL ,R = ηdet

∫ νmax

νmin

εCMB(ν)td0L ,R AΩ(ν)B(TCMB, ν)dν (4.24)

These calculations allow us to have an idea of the background power level at
the detectors. However, to include these contributions to the simulator the Noise
Equivalent Power (NEP) is calculated following Lamarre’s derivations (Lamarre
1986).

NEP2
ph = 2

∫
hνQνdν +

∫
c2Q2

ν

Uν2
dν (4.25)

where U is the throughput. The first term on the right-hand side is the shot noise
produced by a Poisson process where the detected photons are not correlated, and it
dominates for most of the sources at short wavelengths (visible and near-infrared).
The second term is the excess noise which dominates at radio wavelengths and is
proportional to the square of Qν . For this reason, we cannot always consider the
different sources contributing to Qν as statistically independent and simply add the
power of the sources of noise. Rearranging Eq.4.25, the Noise Equivalent Power for
each element can be written as

NEP2
ph,k = 4h2

c2

∫ (

1 + εk tdk
ηdet

e
hν

kbTk − 1

) (
AΩ(ν)εk tdkηdetν4

e
hν

kbTk − 1

)

dν (4.26)

where k indicates the source of the noise being computed. Finally, the total back-
ground NEP (in units of W/

√
Hz) is the addition of all the contributions from the

instrument plus the CMB, CIB, and Zodiacal light

NEP2
ph,background = NEP2

ph,instrument + NEP2
ph,CMB + NEP2

ph,C I B + NEP2
ph,Zodi

(4.27)

4.5.7 Double Fourier Module

This module is the analytical module that performs the Double Fourier Modu-
lation as the application of Fourier Transform Spectroscopy and Interferometry
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simultaneously. Given the sky map SkyS a set of interferograms Ig are computed,
one for each interferometric baseline b.

Ig(δ, b) = I1+ I2+2
NFOV∑

i=0

NFOV∑

j=0

N∑

k=0

|SkyC(θx,i , θy, j ; νk)| cos[2πνkδ−2πνk(b·θ)+φBS]

(4.28)

where SkyC(θx , θy; ν) = SkyS(θx , θy; ν)Beam(θx , θy; ν)td0(ν), I1 and I2 are the
total intensity of the skymap on each of the telescope dishes, and b·θ is the projection
of the sky map vector (θx , θy) on the baseline vector (bx , by), this is

b · θ = |b||θ | cos[arctan(by/bx) − arctan(θy/θx)] (4.29)

ByobservingEq.4.28, it can be noted that theFTScontribution and the interferometer
contribution at the cosine arguments: the spectroscopic modulation is due to the term
2πνδ and the interferometric delay is due to 2πνk(b · θ). The longer the baseline
separation, the longer the delay between cosine modulations, the more separated the
interferograms corresponding to different sources will appear. φBS is the phase delay
introduced by the beam splitter which, if ideal and symmetric, is π/2 and the cosine
interferograms become sine interferograms.

4.5.8 Detector Noise Module

The Detector Noise Module calculates the Noise Equivalent Power (NEP) and the
1/ f noise of the selected detection system. This module is flexible and different
types of detectors will require the computation of different parameters. The detector
selected for further development is the Lumped Element Kinetic inductance Detector
(Doyle et al. 2008), LeKID, as it presents themost promising solution high sensitivity
spectro-spatial interferometry. For the current version of the simulator, a single pixel
and single mode detector is assumed for simplicity and computational reasons.

4.5.8.1 Lumped Element Kinetic Inductance Detectors

Kinetic Inductance Detectors (KIDs) are the most promising candidate for future
space and ground based spectroscopy at sub-millimetre wavelengths (Mazin 2009;
Zmuidzinas 2012; Baselmans 2012). They provide a promising solution to the prob-
lem of producing large format arrays of ultra sensitive detectors for astronomy. Tra-
ditionally KIDs have been constructed from superconducting quarter-wave resonant
elements capacitively coupled to a co-planar feed line.

The principal of operation for any KID device is to measure the change in quasi-
particle population within the volume of a superconducting film upon photon absorp-
tion and is shown in Fig. 4.11. Any photon with an energy h f > 2Δ, where Δ is
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(a) (b)

(c)
(d) (e)

Fig. 4.11 Kinetic Inductance Detector principle of operation. An absorbed photon breaks apart a
Cooper pair resulting in an excess quasi-particle population (a). The complex impedance of the film
is altered by increasing the kinetic inductance Lk and a microwave resonance circuit is used to sense
this variation (b). A fixed tone microwave probe signal centred on the resonant frequency changes
in phase and amplitude (c, d) and is readout via a frequency comb (e) if an array of detectors is
used. (Figure extracted from Baselmans 2012)

the energy gap of the semiconductor, if absorbed will break apart Cooper pairs
(Fig. 4.11a) resulting in an excess quasi-particle population (nqp). The result of this
event is to alter the complex impedance of the film by increasing the kinetic induc-
tance (Lk). In practice the variance in Lk with change in quasi-particle density is
very small and requires the film to be fabricated into a high Q, microwave resonance
circuit to sense this variation (Fig. 4.11b). In this regime the change in phase or
amplitude of a fixed tone microwave probe signal centred on the resonant frequency
can be monitored (Fig. 4.11c, d) and readout via a frequency comb (Fig. 4.11e) if an
array of detectors is used.

Traditional KIDs arrangement requires the quasi-particles generated by photon
absorption to be concentrated at positions of high current density in the resonator.
This is usually achieved through antenna coupling or quasi-particle trapping. For
these detectors to work at wavelengths shorter than around 500 µm where antenna
coupling can introduce a significant loss of efficiency, then a direct absorptionmethod
needs to be considered.

Oneway of solving the problem of optical coupling THz radiation to a KID device
is to use a Lumped Element KID (LeKID), which unlike its distributed counterpart
shows no current variation across the device. This means the device itself can act as
the absorber as well as the sensing element in a detector system. The device is based
on a series LC circuit inductively coupled to a microstrip feed line.

Regarding the optical coupling to a LeKID, simulations show (Doyle et al. 2008)
that in the absence of a substrate and by tuning the thickness of the meander alone
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an absorption of >50% can be achieved over a broad range of frequencies. With
the presence of a substrate and ground plane behind the meander, in conjunction
with a low loss anti-reflection coating, a quasi-optical analysis approach shows that
the optical coupling can reach values close to 100% (more than 90% absorption
is achieved in the band from 1 to 2THz) (Doyle et al. 2007). However, for this
simulation the coupling of radiation to these devices shows a strong polarization
response.

For the readout of an array of KIDs, onemust generate a comb of frequencies with
a sine wave at the resonant frequency of each individual resonator. This comb is then
sent through the device, where each detector imprints a record of its illumination on
its corresponding sine wave. The comb is then amplified with a cryogenic amplifier
and brought outside the cryostat. The comb is then digitised, and the phase and
amplitude modulation of each individual sine wave is recovered in room temperature
electronics.

As a first order approach, the responsivity of Kinetic Inductance Detectors can be
considered linear (Day et al. 2006). For this reason it is not simulated in this version
of FIInS, but can be implemented in future versions.

4.5.8.2 KIDs Generation-Recombination Noise

For Kinetic Inductance Detectors the fundamental noise source is the quasiparticle
generation-recombination noise (Visser et al. 2012; Baselmans et al. 2008). To inte-
grate this source of noise in the simulation, the first step is to compute the density of
quasiparticles per unit volume in a superconductor in thermal equilibrium, this is

nqp = 2N0

√
2πkBTΔ exp(−Δ/kBT ) (4.30)

valid at kBT < Δ, with N0 the single spin density of states at the Fermi level andΔ the
energy gap of the semiconductor. The number of quasiparticles is then Nqp = nqpV ,
with V the volume of the system. Assuming a thermal distribution of quasiparticles
and phonons, the average quasiparticle recombination time is given by

τr = τ0√
π

(
kBTc
2Δ

)5/2
√
Tc
T

exp(Δ/kBT ) (4.31)

where Tc is the critical temperature of the superconductor and τ0 amaterial dependent,
characteristic electron-phonon interaction time.

The simulator default parameters correspond to aluminium. Figure4.12 shows the
theoretical quasiparticle lifetime or recombination time τr (right), and the number of
quasiparticles Nqp (left) as a function of temperature. However, measurements show
that for temperatures below 160 mK the number of quasiparticles saturates to around
30000 (300µm−3) and the quasiparticle recombination time to 2.2ms.
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Fig. 4.12 Theoretical number of quasiparticles Nqp (left) and quasiparticle lifetime (right) as a
function of the temperature for a KID

The power spectral density of the quasiparticle number fluctuations is

SN (ω) = 4Nqpτr

1 + (ωτr )2
(4.32)

and the power spectral density due to quasiparticle number fluctuation in the resonator
amplitude is given by

SA(ω) = SN (ω)
(d A/dNqp)

2

1 + (ωτres)2
(4.33)

where τres = Q/(π f0) is the resonator ringtime. The amplitude responsivity to
quasiparticles, d A/dNqp, is determined experimentally. Finally, the noise spectra
are converted into noise equivalent power (NEPg−r ) through

NEPg−r (ω) = √
SA

(
ητr

Δ

δA

δNqp

)−1 √
1 + ω2τ 2

r

√
1 + ω2τ 2

res (4.34)

where ω = 2πν.

4.5.8.3 1/f noise

Also included in the Detector Module is the 1/f noise or pink noise. It is defined
by the knee frequency, fk , at which the noise level has increased by a factor of

√
2

compared to the white noise level, en . Figure4.13 shows a typical 1/f noise power
spectrum for different values of the knee frequency.

Although the 1/f noise is computed within the Detector Module, it is included in
the simulated interferograms at the Add Noise Module along with the other sources
of noise.
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Fig. 4.13 Typical 1/f noise power spectrum for a knee frequency fk of 5Hz (blue), 10Hz (green)
and 20Hz (red), normalised to the white noise level en

4.5.9 Add Noise Module

Once a set of interferograms Ig(δ, b) has been computed as the power incident on
the detectors, the Add Noise Module determines the actual signal measured by the
system, by integrating the detector response and noise to the simulated interfero-
grams.

To add the photon noise contribution to the interferograms generated by the simu-
lator, Igraw, the dominant term of the NEP considered is the shot noise. In this
situation, photon noise follows Poisson statistics and it can be approximated by a
Gaussian probability distribution. The generation-recombination contribution to the
NEP is assumed to follow also Poisson statistics. The total NEP is calculated as

NEP2
total = NEP2

ph,background + NEP2
ph,sky + NEP2

g−r

ηdet
(4.35)

In this situation, the standard deviation of the noise isσN = NEPtotal/
√

Δt , whereΔt
is the time interval or the inverse of the acquisition frequency facq . The acquisition
frequency is defined as facq = 1/(nτ τ ) where nτ is the user defined number of
time constants per acquisition. This σN value is then multiplied by a random number
generated vector, rand(δ) and added to the raw interferograms as

Ignoisy(δ, b) = Igraw(t, b) + σNrand(δ) (4.36)

If the spectrometer is set to perform multiple scans (Ns , user defined parameter) for
the same measurement, this process is performed Ns times.

If the Instrument Simulator is set to include 1/f noise, it is added to the simulated
interferograms alongwith the calculatedNEP, as thewhite noise level en is effectively
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the standard deviation of the NEP. It is included in the simulated interferograms via
a Fast Fourier transform as

Ignoisy,1/ f = Igraw + iFFT

{

FFT{σNrand(δ)}
(
1 + fk

f

)1/2
}

(4.37)

where FFT and iFFT stand for Fast Fourier Transform and Inverse Fast Fourier
Transform, respectively. A typical value of the knee frequency for KIDs detectors
is fk = 10 Hz (Baselmans 2011) although recent results show this value can be
improved (Roesch et al. 2012).

In this module the detector efficiency ηdet (user defined) is applied to the inter-
ferograms via multiplication, as it affects both the signal and the noise.

4.5.10 Detector Module

Thismodule accounts for the detector response to the time constant,which is common
for all kinds of detectors. A detector’s time resolution is limited by its response to an
instantaneous change of the input signal. In the simulator, the detected interferograms
are calculated as

Igdetected(t, b) = Ig(t, b) ∗ e
−t
τ (4.38)

where τ is the thermal time constant of the detector (user defined), and ∗ indicates
convolution. In a real scenario, this time constant could be measured via cosmic
rays for instrument calibration. Also, a more detailed MTF (Modulation Transfer
Function) could be obtained during calibration phase with a variable chopper in
front of a source. Figure4.14 shows the effects of an exaggerated time constant
τ = 50ms, which can be observed at the shift between the raw interferogram and
the detected one. Both interferograms have been normalized to their maximum value
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Fig. 4.14 Simulated raw interferogram (blue) and detected interferogram (green) for a detector
with an exaggerated time constant of τ = 50ms
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to make this effect more noticeable. However, the time response of a detector also
affects the detected power. In practice, the detector time constant is smaller than the
time required by the delay line to move one sampling step.

4.5.10.1 Cosmic Rays

Although it has yet to be modelled in FIInS, cosmic ray strikes on the detector are
relatively common and create a spike in an interferogram, and it can take several
time constants for the detector to return to normal operation.

It is important to remove cosmic ray spikes from the interferograms before the
data processing, because Fourier transforming an interferogram containing a cosmic
ray spikewill result in a high frequency sinusoidal modulation added to the recovered
spectra.

4.5.11 Sampling and Readout Module

This module samples the interferometric data at the rate specified by the user, facq ,
this acquisition frequency being lower than the simulator frequency. Also in this
module mechanical errors at the FTS drive are included, as in a real situation the
sampling will not be perfect. In general, an internal metrology system can be used
to mitigate the effects of imperfect motions. In this module, the starting point is the
set of interferograms measured in watts and sampled at equal increments of time
(or position) for each baseline and including the corresponding noise and detector
effects. This module then simulates an asynchronous sampling, and by interpolation
the signal is distorted to recreate a more realistic interferogram.

Finally, to facilitate data reduction and analysis each interferogram is recorded
in the astronomical standard FITS (Flexible Image Transport System) format. All
the data from a single FTS scan are recorded in a single FITS file, including metrol-
ogy data for both the FTS drive and pointing errors. The header includes all the
information needed to calculate the baseline vector.

Although the simulator is set to operate with a single pixel detector and simple
ASCII files could be used to store the data, if a detector array is used this data storage
format is more adequate.

4.6 Sensitivity

Once the set of interferograms has been generated a sensitivity calculation can be
performed. The sensitivity ΔS of given optical system gives us information about
the minimum flux density detectable in a given integration time, Δt . Assuming the
signal to noise ratio, SNR, in the spectrum is the same as that in the interferogram,
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and that the degradations in performance due to non-ideal effects are negligible, the
Noise Equivalent Flux Density, NEFD, in units of Jy · Hz−1/2 is defined as

NEFD(ν,Δν) = 2NEPtotal

ηtotal(ν)Atel
√
Ntel(Ntel − 1)Δν

(4.39)

where Atel is the telescope area,Δν is the bandwidth, Ntel is the number of telescopes
and ηtotal is the total system efficiency, this is ηtotal(ν) = td0(ν)ηdet . The instrument
sensitivity is then defined as

ΔS = NEFD√
2t

(4.40)

where t is the integration time and the units are Jy.

4.7 Chapter Summary

In this chapter the Far-infrared Interferometer Instrument Simulator has been
described as a sequence of modules comprising the sky simulator and the instrument
model. The sky simulator generates the input datacube, including the corresponding
photon noise, and is fed to the instrument model. The instrument model can operate
as an ideal instrument or a more realistic one if the control flags are activated. It
is in the instrument model that the Double Fourier Modulation is performed and
the interferograms are generated, and physical quantities such as different sources
of noise are modelled. The output of the system is a set of FITS files containing
the interferograms to be processed. FIInS allows the user to output not only the set
of interferograms, also independent outputs as uv-maps or transmission profiles are
available. Once the interferograms are stored, they are sent to the data reduction
and analysis modules, described in the next chapter. Also in Chap. 5 the simulator
is verified using the knowledge acquired with the Cardiff-UCL FIRI Testbed. Once
the simulator is verified, a more detailed example of its capabilities is described in
Chap.6.
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Chapter 5
FIInS Data Processing and Verification

In this chapter the Data Processing of spectro-spatial data is presented, as well as the
instrument simulator verification via the Cardiff University-UCL FIRI testbed.

In Sect. 5.1 the process that converts the recorded interferograms to the ‘dirty’ data
cube is described through a master simulation, and possibilities for the correction of
the instrumental artifacts are shown. In Sect. 5.3 the validation of FIInS is presented
following the description of the FIRI testbed shown in Chap.3. In this case, a one
dimensional analysis is given.

5.1 Datacube Reconstruction from Detected
Interferograms

The output of the instrument simulator FIInS is a set of FITS files where the interfer-
ograms corresponding to each baseline and to each FTS scan are stored for a given
input sky datacube, Skyin . These FITS files also include the metrology data for the
FTS drive and pointing of the telescope, as well as all the information needed to
calculate the baseline vector.

Once the data has been loaded, if noise has been selected to be included in
the simulation, the first step will be the noise reduction to increase the dynamic
range (DR) and the signal to noise ratio (SNR). Next the reconstruction of the dirty
datacube is achieved by extracting the spectral and spatial properties detailed below.
To illustrate the data reduction process a master sky map is used.

The Master Sky Map

To run a FIInS simulation the first step is to select the instrument parameters which
define the size of the sky grid. For a pseudo-realistic simulation, the baseline range
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Fig. 5.1 uv-map coverage for a Fixed Arc Length baseline configuration ranging from 6 to 30m,
with a baseline step of 4m (left). Fourier transform of the uv-map coverage at ν = 118 cm−1 (right)

is set from bmin = 6m to bmax = 30m, with a bstep = 4m and a fixed arc length con-
figuration. The uv-map normalised to the wavelength is shown in Fig. 5.1 (left). The
telescope size is set to Dtel = 3m. These parameters could be the ones for a boom-
based interferometer, providing the physical space for the central hub. Figure5.1
(right) shows the Fourier transform of the uv-map for a wavenumber ν = 118 cm−1.

The instrument parameters define the beam size. Setting up the spectrograph to
work in the 25–400 µm range (400–25cm−1), the minimum beam size is Δθtel =
2.097 arcsec and the spatial angular resolution Δθint = 0.086 arcsec. To prove
the principles of interferometry, the astronomical sources on the sky grid must be
positioned inside the beam.

Three different types of sources are positioned in the sky grid: a point source, a
gaussian source and an elliptical source, as shown in Fig. 5.2 (left).

Spectrally, the gaussian source is a blackbody with a brightness temperature of
100K and an emission line at 60cm−1. The point source corresponds to a blackbody
at 2000K, and the elliptical source is a blackbody at 50K and an absorption line at
80cm−1. The spectra of the three sources is shown in Fig. 5.2 (right).

The elliptical source could correspond to a circumstellar disk with an envelope
size of ∼200AU at ∼150pc. The gaussian source can also be a circumstellar disk
of ∼80AU at ∼300pc but with a different orientation with respect to the observer
plane. The point source can be considered a protostar at ∼50pc and with a radius
∼RSun . As the point source size is smaller than the pixel size on the sky grid, an
emissivity parameter ε has to be introduced, this is

ε = Ωpoint

Ωpixel
(5.1)
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Fig. 5.2 The Master sky map. A gaussian source, a point source and an elliptical source are
positioned on the sky grid (left). Spectrally (right) the gaussian source is a blackbody with a
brightness temperature of 100Kand an emission line at 60cm−1 (blue); the point source corresponds
to a blackbody at 2000K (green), and the elliptical source is a blackbody at 50K and an absorption
line at 80cm−1 (red)

where Ωpoint is the point source solid angle and Ωpixel is the pixel solid angle.
With the current configuration and with the defined astronomical distances, for this
simulation ε � 10−3.

5.1.1 Noise Reduction and Time Domain Interpolation

To improve the dynamic range (DR) achievable in an interferogram, signal-averaging
techniques must be used. The dynamic range is defined as

DR = Spp

Nrms
(5.2)

where Spp is the peak to peak power of the signal at the zero path difference, and
Nrms is the root-mean-square value of the noise, computed as

Nrms =
√√√√1

n

n∑

i=1

[N (δi )]
2 (5.3)

where n is the number of samples.
Given the number of scans Nscans for a given baseline and assuming that the signal

and noise are uncorrelated, by averaging them the DR is increased by
√
Nscans .
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Fig. 5.3 Interferograms generated by FIInS for the Master simulation with a baseline length of
18m: the raw or ideal interferogram Igraw (top), the noisy interferogram Ignoisy (centre) and the
averaged interferogram Ignoisy,av (bottom)

Figure5.3 shows interferograms generated by FIInS for the Master simulation
with a baseline length of 18m: the raw or ideal interferogram Igraw (top), the noisy
interferogram Ignoisy (centre) which is the result of the addition of the instrumental,
background and detector noise, and the averaged interferogram Ignoisy,av (bottom)
for 4 scans at the given baseline. For this simulation, the calculated dynamic ranges
are DRnoisy = 32.2 and DRnoisy,av = 62.6 for 4 scans, which is consistent with the
expected increase in DR by a factor of 2.

The signal to noise ratio (SNR) can be calculated at the spectral domain after the
image synthesis as

SNR = S

N
= S

√
Δt

NEP
(5.4)

where S is the detected power and Δt is the time interval (described in Sect. 4.5.9).
If the interferograms have been distorted due to errors in the FTS drive, at this

point it is necessary to interpolate the interferograms to a continuous optical delay
line. Figure5.4 shows the effects of errors in the velocity of the drive (bottom) and
the ideal interferogram (top) for the previous simulation. A disproportionate velocity
error of 30% has been applied to increase the visual effect. It can be observed that the
sampling points are not equidistant, which without correction will alter the detected
spectrum.

http://dx.doi.org/10.1007/978-3-319-29400-1_4
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Fig. 5.4 Effect of errors in the velocity of the drive (bottom) and the ideal interferogram (top) for
the Master simulation

5.1.2 Extracting the Spectra

Once the interferograms have been preprocessed to reduce the noise and the distor-
tions, one can proceed to the extraction of the spectra. In order to avoid aliasing, the
spectral band of operation of the detectors is set from 25 to 212cm−1.

The first step is to perform the Inverse Fourier Transform. Given the set of inter-
ferograms Ig(δ, b) the ‘dirty’ spectra Sp is extracted for each baseline as

Sp(ν, b j ) =
N∑

i

I g(δi , b j ) exp(−i2πνδi )dδ (5.5)

where ν is the wavenumber vector and b j indicates a given baseline position. The
result of this operation is a set of spectra corresponding to the source spectra modu-
lated by a cosine. This cosine is dependent on the baseline of interest.

Figure5.5 shows the recovered spectra for 3 baselines, 22m (left), 26m (centre)
and 30m (right), with an orientation of ∼40◦. The selection of the orientation is
because at this position the interferometer ‘sees’ 2 sources, as the elliptical source
and the point source have the same position with respect to the projected baseline
on the sky (see Fig. 5.2 (left)). For this reason, the modulation introduced by the
baseline position has a cosine shape as for the binary system shown in Sect. 2.2.2. It
can be observed that the longer the baseline, the higher the frequency of the cosine
modulation, as expected.

http://dx.doi.org/10.1007/978-3-319-29400-1_2
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Fig. 5.5 Recovered spectra for the Master sky map for a 22m baseline (left), a 26m baseline
(centre) and 30m baseline (right), with an orientation of ∼40◦ (with respect to the axis FOVy =0,
anticlockwise)

5.1.3 Interferometric Image Synthesis: The Dirty Data Cube

The next step is the extraction of the spatial features of Sp, this is the dirty datacube,
Skyd . To extract the spatial features one has to perform the 2-dimensional Fourier
Transformof theuv-map.Combining eachbaseline positionb j and eachwavenumber
νk the dirty datacube is calculated as

SkyAs(θx , θy; νk) =
Nb∑

j=1

|Re{Sp(νk , b j )} cos(2π(u j,kθx + v j,kθy))−

− Im{Sp(νk , b j )} sin(2π(u j,kθx + v j,kθy))| (5.6)

where u j,k = bx, jνk and v j,k = by, jνk are the spatial frequencies. In this operation
the previous knowledge of the sky grid (θx , θy) has to be used. If pointing errors
have been included in the simulation, the sky grid is modified accordingly for each
baseline position.

Figure5.6 (top row) shows three spatial layers of the dirty data cube for the Mas-
ter simulation, corresponding to the minimum wavenumber (25cm−1, left), central
wavenumber (118cm−1, centre) and maximum wavenumber (212cm−1, right), and
the telescope beam for each of these wavenumbers is displayed on the bottom row.
Outside the area corresponding to the central lobe of the telescope beam, the dirty
data cube presents some modulations due to the discrete data processing and should
not be taken into account. It can be observed that the spatial size of the sources is not
the same for the three wavenumbers, which is due to the fact that the interferometric
beam is wavelength-dependent and must be corrected. This beam is also responsible
for the ripples present in the dirty data cube, as it presents a sinc-like shape. This inter-
ferometric beam is the so-called dirty beam which is shown in Fig. 5.1 (right), and
it is the 2-dimensional Fourier transform of the uv-map sampling function Fig. 5.1
(left).
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Fig. 5.6 Spatial layers of the dirty data cube for the Master simulation, corresponding to the
minimum wavenumber (25cm−1, left), central wavenumber (118cm−1, centre) and maximum
wavenumber (212cm−1, right) (top). Telescope beam for each of these wavenumbers (bottom)
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Fig. 5.7 Spectral results of theMaster simulation for the central pixel of the gaussian source (blue),
the point source (green) and the central pixel elliptical source (red) (left). Detected spectra for three
positions in the sky where no source intensity is expected (right)

The spectral results of the simulation are shown in Fig. 5.7 (left) for the central
pixel of the gaussian source (blue), the point source (green) and the central pixel of
the elliptical source (red). It can be observed that the emission and absorption line
positions are detected but present a sinc-shape: this is due to the boxcar function
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that defines the scanning of the FTS. Comparing with the input spectra (see Fig. 5.2
(right)) one expects the power of the gaussian source to be higher than the power of
the elliptical source for the full spectral range, but this differs from the results. The
reason is that the spatial size of the dirty beam at lower frequencies or wavenumbers
is bigger than the source separation on the sky and there is a transfer of power from
source to source. Also, as the spatial size of the elliptical source is bigger than the
gaussian source, there is more power at the spatial position of the elliptical source
because of the fact that the detected dirty data cube is the result of the convolution
of the sky map with the dirty beam.

Also present in the detected spectra is a modulation clearly noticeable for the
point source (green). For comparison, Fig. 5.7 (right) shows the detected spectra for
three positions in the sky, where a similar modulation appears. Again, this is due to
the dirty beam, which is wavelength dependent: as the frequency (or wavenumber)
increases, the dirty beam narrows and so do the side lobes. By selecting a spatial
position and increasing the frequency, the variation of size of the dirty beam causes
a spectral modulation.

Although for a binary system it is easy to model and correct this fact, when the
number of sources increases or when extended sources are present on the sky, the
correction of the modulation is not straightforward because in each spatial position
there is the contribution of the dirty beam generated by each source present on the
sky. For this reason, more complex data synthesis algorithms are required.

By integrating the dirty data cube over wavenumber one can extract the spa-
tial features of the sky, because the dirty beam ripples at different frequencies or
wavenumbers cancel and hence the ratio between the power of the central lobe and
the secondary lobe increases. However, this is only useful if the sources on the sky
have similar size and power.
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Fig. 5.8 Result of the wavenumber integration (left) and its logarithm (right)
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Figure5.8 (left) shows the result of thewavenumber integration. It can be observed
that the spatial features for the gaussian source and the elliptical source are recovered,
but the point source is difficult to detect because the integrated power is much lower
than that for the elliptical or gaussian source. Figure5.8 (right) shows the logarithmic
version of the wavenumber integration. In this case, the positions of the three sources
are recovered. The location of the sources on the sky can be useful for forward data
processing.

5.2 Data Synthesis Algorithms

In this section forward processing of the dirty datacube Skys is presented. First, a
blind deconvolution algorithm commonly used in image deblurring is applied to the
datacube,where no knowledge or little knowledge of the instrument beam is assumed.
Secondly, the CLEAN algorithm widely used in radio interferometry synthesis is
modified for Double Fourier Modulation.

5.2.1 Blind Deconvolution

In image processing, blind deconvolution is a technique used to correct blurred
images when the system Point Spread Function (PSF) is unknown or poorly known.
The PSF is then estimated from the image. This technique has been used for decades
(Ayers and Dainty 1988; Levin et al. 2009) and in this section a blind deconvolution
iterative algorithm is applied to spectro-spatial data to study its applicability.

The blind deconvolution algorithm used here is the one integrated in Matlab®,
more specifically the Damped Richardson-Lucy method (Lucy 1974; Richardson
1972; White 1994). This algorithm restores both the image and the PSF simulta-
neously by deconvolving the image using the maximum likelihood algorithm. One
can input system characteristics to define the PSF, in this case this is the Full-Width
Half-Maximum (FWHM) of the interferometric dirty beam. Another input parameter
is the number of iterations, and for the current Master simulation it is set to 1, 2 and
5 iterations.

To apply this algorithm to the dirty datacube one has to loop along thewavenumber
dimension. For each wavenumber or dirty datacube layer, a deblurred version of
the layer is recovered as well as the corresponding PSF. The blind deconvolution
algorithm has been applied to theMaster simulation dirty datacube and as an example
the results for 1 iteration are shown in Fig. 5.9, for 2 iterations in Fig. 5.10 and for
5 iterations in Fig. 5.11. In the top row of each of these figures the synthesised
datacube layer corresponding to the minimum wavenumber (25cm−1, left), central
wavenumber (118cm−1, centre) and maximum wavenumber (212cm−1, right) is
presented. The bottom row corresponds to the restored PSF at each of the previous
wavenumbers.
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Fig. 5.9 Synthesised datacube layer after 1 iteration of the blind deconvolution algorithm for
the minimum wavenumber (25cm−1, left), central wavenumber (118cm−1, centre) and maximum
wavenumber (212cm−1, right) (top). Restored PSF at each of the previous wavenumbers (bottom)
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Fig. 5.10 Synthesised datacube layer after 2 iterations of the blind deconvolution algorithm for
the minimum wavenumber (25cm−1, left), central wavenumber (118cm−1, centre) and maximum
wavenumber (212cm−1, right) (top). Restored PSF at each of the previous wavenumbers (bottom)
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Fig. 5.11 Synthesised datacube layer after 5 iterations of the blind deconvolution algorithm for
the minimum wavenumber (25cm−1, left), central wavenumber (118cm−1, centre) and maximum
wavenumber (212cm−1, right) (top). Restored PSF at each of the previous wavenumbers (bottom)

In the case of one iteration of the blind deconvolution algorithm (Fig. 5.9) it can
be observed that around the sources the background level has decreased slightly and
hence the contrast has been increased. The detected PSF size is comparable to the
theoretically expected, this is λ/bmax and the spatial size of the sources has slightly
decreased compared to the dirty image (Fig. 5.6 top row). However, although the
PSF includes some of the ripples expected from the dirty beam these ripples have
not been removed in the deconvolution itself.

For a 2-iteration blind deconvolution, the results do not improve. Although the
PSF beam size is still consistent with the one expected from theory, the ripples have
vanished from the PSF and are still present in the recovered datacube. The spatial size
of the gaussian source approximates to a point source for the maximumwavenumber
image (right) and does not correspond to the expected spatial size.

When 5 blind deconvolution iterations are applied to the dirty data cube, the beam
size does not correspond to the one expected from theory anymore, from which one
can infer that the recovered datacube is unrealistic.

Spectrally, applying a blind deconvolution algorithm does not improve the recov-
ery of the sources spectra. Figure5.12 (left) shows the spectra for the central spatial
point for each of the sources on the sky. The presence of ripples indicates that there
are still instrument systematics in the recovered datacube. Also, the spectral power
for the point source (green) appears to be reduced, because this kind of algorithm
has been developed to account for non uniform image quality (e.g. bad pixels) and a
point source can be considered as such. In Fig. 5.12 (right) the detected spectra for



112 5 FIInS Data Processing and Verification

50 100 150 200
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

−15
In

te
ns

ity
 [A

.U
.]

Wavenumbers ν [cm−1]

50 100 150 200
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

−15

Wavenumbers ν [cm−1]

In
te

ns
ity

 [A
.U

.]

θ=(0,0) arcsec
θ=(0,1.03) arcsec
θ=(1.03,0) arcsec

Fig. 5.12 Spectral results of the Master simulation after 1 iteration of the blind deconvolution
algorithm for the central pixel of the gaussian source (blue), the point source (green) and the central
pixel elliptical source (red) (left). Detected spectra for three positions in the sky where no source
intensity is expected (right)

three positions in the sky where no power is expected is shown. The zero power (i.e.
red curve from approximately 60–120cm−1) is due to a positivity constrain of the
blind deconvolution algorithm, for which negative values are considered 0.

In conclusion, a blind deconvolution algorithm is not suitable for DFM dirty
datacubes because for a proper restoration, more information regarding the dirty
beam has to be applied. As the information of the dirty beam can be extracted from
the known uv-map, previous knowledge of the dirty beam can be used. One algorithm
that makes use of a known dirty beam is the interferometric CLEAN algorithm.

5.2.2 Interferometic CLEAN Algorithm

The CLEAN algorithm (Högbom 1974) is essentially a brute force deconvolution.
The starting point is the fact that the measured dirty image ID(θx , θy) is the con-
volution of the true intensity or sky map I (θx , θy) with the dirty beam B(θx , θy),
this is

ID(θx , θy) = I (θx , θy) ∗ B(θx , θy) (5.7)

Although working in the Fourier domain seems like an option to recover the sky map
by dividing the Fourier transfer of ID(θx , θy) by the Fourier transform of B(θx , θy)

which is the uv-map, in practice the Fourier transform of B(θx , θy) contains areas
where it is zero and thus this is not an option (Thompson et al. 1986). The problem
arises from the fact that the uv-map is sparse.



5.2 Data Synthesis Algorithms 113

Interpolating the uv-map can also arbitrarily generate information which is not
present in the initial sky map. Basically, one wants the visibility at non-sampled uv-
map positions to take values consistent with the most reasonable or likely intensity
distribution while minimising the addition of arbitrary detail.

The CLEAN algorithm is vastly used and is one of the most successful iterative
deconvolution algorithms which attempts to obtain an image compatible with the
data assuming it is made of point-like sources.

It works as follows: given the dirty image, the location of the brightest source is
searched and the response to a point source, this is the dirty beam, is subtracted from
the dirty image and the intensity and position subtracted are recorded. This procedure
is repeated for the new residual dirty image which is searched for evidence of another
point-like source. The number of iterations is user defined, the aim being to stopwhen
the noise level is reached. Finally, the image created from the recorded positions and
intensities is convolved with the clean beam (usually a Gaussian shaped PSF) to have
a resolution in agreement with the extension of the uv-map coverage, this is, a beam
of the same dimensions as the central lobe of the dirty beam.

CLEAN is aimed for point sources or compact sources. However, once the point
sources from a dirty beam have been removed, the residual dirty image is essentially
due to the extended sources which may be smooth enough to not be too distorted by
the convolution with the dirty beam. For this reason, the residual dirty image can be
added to the clean image to create the final image.

5.2.2.1 The Dirty Beam

As presented before, the dirty beam is the Fourier transform of the uv-map coverage
function. For theMaster simulation, the dirty beam and the uv-map coverage function
were shown in Fig. 5.1 (right) and (left), respectively, for a given wavenumber. The
number of uv-map points is 256.

For Double Fourier Modulation, the reality is that there is a scaled version of the
dirty beam for each wavenumber, increasing the overall uv-coverage. Figure5.13
shows the spatial coverage of the Master simulation as an addition of individual
wavenumbers covered. It can be observed that the uv-coverage is increased, hence
the spatial restoration as an integration over wavenumber as presented earlier in
this chapter is suitable given the object’s shape is achromatic with regards to the
wavelength.

The problem of ground based interferometry is that although the uv-coverage can
be increased by making use of the Earth rotation, the fixed position of the antennas
will always limit the performance capabilities of such a system. This will not be
a problem for space based interferometry, because even if operating a boom-based
interferometer one will have the freedom to move the full spacecraft and sample the
uv-map according to the target requirements.

Every uv-map has its own dirty beam, according to the position of the telescopes.
As presented in Chap.4 , different baselines configurations are available in FIInS.

http://dx.doi.org/10.1007/978-3-319-29400-1_4
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Fig. 5.14 uv-map coverage for a Fixed Angle baselines configuration (left) and the corresponding
normalised dirty beam (right)

Figure5.14 shows the uv-map converge for a Fixed Angle baselines configuration
(left). The number of baselines is 238, thus of the order of the Fixed Arc Length
configuration. The baseline parameters remain unchanged with respect to the Fixed
Arc Length configuration. Looking at the normalised dirty beam (right) it can be
appreciated that although the size of the central lobe is maintained because it is
defined by the maximum baseline, the width of the other lobes (or the position of the
function zeroes) has been increased.
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Fig. 5.15 uv-map coverage for a Spiral baselines configuration (left) and the corresponding nor-
malised dirty beam (right)

Figure5.15 presents the Spiral baselines configuration (left) for 250 baseline posi-
tions. Again, the size of the central lobe of the normalised dirty beam (right) remains
unchanged, but the circular symmetry has been lost. This feature could be useful
in the case of sources positioned in spatial harmonics, this is, when the ripples of
the interferometric beams corresponding to two or more different sources interfere
constructively and hence a strong modulation appears in the dirty image.

In general, if possible one selects the uv-map coverage to create a beam suitable
for a given observation.

5.2.2.2 Master Sky Map Restoration with CLEAN

The restoration of the Master sky map has been kindly performed by Dr. Danielle
Fenech from UCL using the Astronomical Image Processing System AIPS (Greisen
et al. 2003). AIPS is a package to support the reduction and analysis of data acquired
with radio telescopes and radio interferometers. The software, originally developed
by NRAO (National Radio Astronomy Observatory) in Charlottesville (Virginia,
US) in the seventies, has improved to be the standard software package in radio
astronomy.

The input to AIPS is the dirty image (in this case the dirty data cube) and the dirty
beam. After applying the CLEAN algorithm for each spectral channel, the CLEAN
data cube is obtained.

Figure5.16 shows the obtained results for three layers of the datacube correspond-
ing to the wavenumbers 25, 118 and 212cm−1 (top), and the corresponding interfer-
ometric dirty beam (bottom). It can be observed that for the minimum wavenumber
CLEAN can not separate the sources due to the size of the interferometric dirty
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Fig. 5.16 Synthesised datacube layer after restoration with the CLEAN algorithm for theminimum
wavenumber (25cm−1, left), central wavenumber (118cm−1, centre) and maximum wavenumber
(212cm−1, right) (top). Corresponding interferometric dirty beam at each of the previouswavenum-
bers (bottom)
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Fig. 5.17 Result of the wavenumber integration of the CLEAN datacube (left) and its logarithm
(right)

beam compared to the separation of the sources. As the size of the beam reduces
with wavenumber, the three sources can be differentiated.

By performing a wavenumber integration of the CLEAN data cube, it is easier to
detect the three sources of the Master sky map. The results are shown in Fig. 5.17
(left). By representing the logarithm of the integration (right) the three sources are
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Fig. 5.18 Spectral results of the Master simulation after restoration with the CLEAN algorithm
for the central pixel of the gaussian source (blue), the point source (green) and the central pixel
elliptical source (red) (left). Detected spectra for three positions in the sky where no source intensity
is expected (right)

easily observed. As expected, the point source is being detected with a diameter
smaller than the interferometric dirty beam.

Finally, in Fig. 5.18 (left) the detected spectra for the central pixel of the gaussian
source (blue), the point source (green) and the central pixel of the elliptical source
(red) is shown. One can observe that the ripples due to the interferometric dirty
beam have vanished and the detected spectra is in concordance with the input Master
sky map. Again, for comparison, Fig. 5.18 (right) presents the detected spectra for
three positions in the sky where no signal is expected. The presence of power in
the low wavenumbers is due to the interferometric beam size. From ∼60cm−1 the
sources are resolved, the power in those pixels reduces and the modulation present
in the dirty datacube (see Fig. 5.7) disappears because there are no ripples from the
interferometric beam.

The sinusoidal modulation present in the spectra in the shape of small ripples with
high frequency is due to the instrumental line shape (ILS) of the FTS. It has a period
of 2.3cm−1, which corresponds to an optical distance of 4mm, this is the maximum
optical path difference δmax of this simulation.

In conclusion, these results suggest that the CLEAN algorithm is valid for Double
Fourier Modulation data. Applying some FTS algorithms (i.e. phase correction algo-
rithms) in localised areas where there is only one source or the sources are unresolved
could be included to further improve the results in the spectral domain.
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5.3 FIInS Validation via FIRI Testbed

In this section the performance of FIInS is evaluated through the Cardiff-UCL FIRI
testbed data. First, the input sky map for FIInS is defined according to the testbed
specifications, including the spatial geometry of the source and its spectra. Three
cases will be studied: (a) the single slit aperture, (b) the double slit aperture and (c)
the double slit aperture with one of the slits spectrally filtered. Secondly, the corre-
sponding interferograms are generated. Finally, the spectral and spatial information
is recovered. As the set of baseline positions of the Cardiff-UCL FIRI testbed is
unidimensional, in this chapter a one dimensional analysis is presented. This allows
an increase in the simulation speed of the software.

5.3.1 Input Sky Map

To define the input sky map the starting point is the geometry of the slit placed in
front of the mercury arc lamb (MAL) described in Sect. 3.1.1.1.

From the Zemax simulation presented in Chap. 3 it is known that the focal plane
scale is 0.027 degrees/mm. The slit width is 1mm, which converts to 97.2 arcsec.
The slit separation for the case of the double slit is 5.5mm, this is 534.6 arc sec.
The FIInS spatial resolution is set to Δθ = 25 arcsec, three times better than the
required resolution at the maximum wavenumber, 35cm−1, and with the maximum
baseline, bmax =392mm. This spatial resolution represents 4 pixels per slit in the
sky map. The slit separation converts to 21 pixels. Figure5.19 shows the spatial map
simulatedwith the Sky Simulator included in FIInS for a single slit (left) and a double

−500 0 500
0

0.2

0.4

0.6

0.8

1

FOVx [arcsec]

−500 0 500
0

0.2

0.4

0.6

0.8

1

FOVx [arcsec]

Fig. 5.19 Spatial map generated with the Sky Simulator for a single slit (left) and a double slit
(right)

http://dx.doi.org/10.1007/978-3-319-29400-1_3
http://dx.doi.org/10.1007/978-3-319-29400-1_3
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Fig. 5.20 Spectra generated with the Sky Simulator for the source consisting of a blackbody at
1800K with cut-on and cut-off wavenumbers of 5cm−1 and 33cm−1 respectively and attenuated
by the atmosphere (left) and the same source with the 21cm−1 low-pass filter (right)

slit (right). Increasing the spatial resolution will not change the results, because the
maximum spatial resolution is limited by the maximum baseline.

Spectrally, the MAL is a blackbody at 1800K. The cut-on and cut-off wavenum-
bers are 5cm−1 and 33cm−1 respectively, and are defined by theWinston cone and the
filters at the bolometer. All such relevant parameters are set in the SkySparams.xlsx
file. In this case, as the testbed is set in a laboratory, the atmospheric transmission
has also to be applied.

Figure5.20 shows the simulated spectra for the source without filtering (left) and
with the 21cm−1 low-pass filter in front of the slit (right).

5.3.2 Instrument Parameters and Generation
of Interferograms

Once the sky map has been defined both spatial and spectrally, the Double Fourier
Modulation can be applied. For this simulation, the baselines are set from bmin =
142mm to bmax = 392mm, with a baseline separation of bstep = 5mm, giving a
total of 51 baselines.

Figure5.21 shows the simulated interferograms for the double slit aperture in front
of the MAL for 3 baselines: 217mm (top), 292mm (centre) and 367mm (bottom).
No instrumental errors have been applied to this simulation except for the telescope
beam. It can be observed that as the baseline length increased, the separation between
the peaks that corresponds to the interferogram generated for each of the apertures,
increases accordingly. The simulated interferograms are in agreement with the test-
bed data shown in Fig. 3.7: the separation between the peaks of the interferograms is
approximately 200 samples, 250 samples and 300 samples respectively, which for an

http://dx.doi.org/10.1007/978-3-319-29400-1_3
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Fig. 5.21 Simulated interferograms for the double slit aperture in front of theMAL for 3 baselines:
217mm (top), 292mm (centre) and 367mm (bottom)

optical step size of 32µm and an oversampling rate of 10 it corresponds to an optical
path difference of 0.64mm, 0.8mm and 0.96mm, respectively. In the simulation, the
separation between peaks of the interferograms for the three baselines shown is 0.63,
0.78 and 1.00mm.

Once the interferograms have been generated, one can proceed to extract the
spectral and spatial features of the datacube using the algorithms described earlier
in this chapter.

5.3.3 Recovering the Spectral and Spatial Information

After the three sets of interferograms have been generated for the single slit aperture,
the double slit aperture and the double slit with one of the apertures spectrally fil-
tered, the simulated interferograms are processed to extract the spatial and spectral
information. The next figures show the results obtained for each of these scenarios
for an ideal instrument.

Figure5.22 shows the results obtained for the single slit aperture in front of the
MAL. Spatially, the wavenumber integration of the dirty image (left) presents a peak
at the spatial position θ = −275arcsec, consistent with the input sky map. The
width of the aperture cannot be recovered because at the maximum wavenumber of
the power spectrum (35cm−1) and for the maximum baseline, the resolution of the
interferometer isΔθ =150 arcsec and thus bigger than the source width. In this case,
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Fig. 5.22 Ideal case results obtained for the single slit aperture in front of the MAL. Integration of
the dirty image over wavenumber (left) and recovered spectral data for the 4 pixels that define the
aperture (right)
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Fig. 5.23 Normalised dirty beam at 21cm−1 (left) and 35cm−1 (right)

the source remains unresolved. The shape of the recovered spatialmap corresponds to
the interferometric dirty beam convolved with the source. The spectral data from the
4 pixels that define the aperture is plotted (right). The amplitude variation between
the 4 pixels is due to the interferometric dirty beam: if we consider the aperture as 4
independent point sources, the spatial size of the dirty beam is bigger than the source
separation and there is a transfer of power from source to source.

For comparison, in Fig. 5.23 the normalised dirty beam at 21cm−1 (left) and
35cm−1 (right) is shown. In Fig. 5.22 (left) the width of the detected spatial map
is bigger than the width of the dirty beam at 21cm−1 due to the convolution of the
beam with the spatial map.



122 5 FIInS Data Processing and Verification

−2000 −1000 0 1000 2000

−1

0

1

2

3

x 10
−11

In
te

ns
ity

 [A
.U

.]

FOV
x
 [arcsec]

0 10 20 30 40
0

0.5

1

1.5

2

2.5

x 10
−12

In
te

ns
ity

 [A
.U

.]

Wavenumbers [cm−1]

Fig. 5.24 Ideal case results obtained for the double slit aperture in front of the MAL. Integration
of the dirty image over wavenumber (left) and recovered spectral data for the 8 pixels that define
the aperture (dark green for right slit, dark blue for left slit)

For the case of the ideal double slit aperture presented in Fig. 5.24, the spatial
position of the two apertures (left) is recovered. Again, the sources are unresolved
and so the shape of the spatial map is the sum of the two dirty beams. The recovered
spectra (right) for the aperture situated at the negative part of the FOV (blue) and for
the aperture at the right part of the FOV (green) is consistent with the input spectrum.
The amplitude variation between the 4 pixels that define each aperture is due to the
interferometric dirty beam, as in the previous case.

When a low-pass filter is positioned in front of one of the slits, in this simulation
in front of the slit situated on the right (FOVx > 0), the spatial position of the slits
is recovered. In this situation, the wavenumber integration of the dirty image shown
in Fig. 5.25 (left) presents some differences with respect to the simple double slit
case: the width of the dirty beam corresponding to the non-filtered spectra is smaller
than the width of the dirty beam corresponding to the filtered spectra. The reason is
that by integrating over wavenumber, the spatial dirty beam is the sum of the dirty
beam corresponding to each wavenumber, the width of which decreases with the
wavenumber. As the wavenumber band of the filtered slit is smaller, the width of
the integrated dirty beam is bigger (in this case by a factor ∼2, proportional to the
decrease in wavenumber band). In Fig. 5.23 (left) the dirty beam at 21cm−1 is shown,
with a beam width bigger than the dirty beam width at 35cm−1 (right).

The results just presented correspond to a simulation where no errors have been
introduced, which is the ideal case scenario. The next plots correspond to the same
simulations (single slit aperture, double slit aperture and double slit with a low-pass
filter on one of the slits) when instrumental errors are introduced.

Specifically, the sources of errors implemented are the systemNEP extracted from
laboratory measurements, with a value of NEP = 2.8 pW/Hz1/2, the bolometer time
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Fig. 5.25 Ideal case results obtained for the double slit aperture in front of the MAL, with one
of the slits covered with a low-pass filter. Wavenumber integration of the dirty image (left) and
recovered spectral data for the 8 pixels that define the aperture (dark green for right slit, dark blue
for left slit)

−2000 −1000 0 1000 2000
−4

−2

0

2

4

6

8

10
x 10

−12

In
te

ns
ity

 [A
.U

.]

FOV
x
 [arcsec]

0 10 20 30 40
−1

0

1

2

3

4

5

6

7

x 10
−13

In
te

ns
ity

 [A
.U

.]

Frequency [cm−1]

Fig. 5.26 Realistic case results obtained for the single slit aperture in front of theMAL. Integration
of the dirty image over wavenumber (left) and recovered spectral data for the 4 pixels (dark blue)
that define the aperture and the residual differences with the ideal instrument (light blue) (right)

constant, τ = 2.5ms, and the 1/f noise, with a knee frequency of fknee = 30Hz. For
each baseline position 5 interferograms are acquired and averaged afterwards.

For the three simulations shown in Figs. 5.26, 5.27 and 5.28 (single slit, double
slit, and double slit with filter, respectively) it can be observed that the results are
consistent both with the previous ideal simulations and with the testbed data. The
residual differences have been calculated as the difference between the normalised
detected spectra in the ideal case and the normalised detected spectra in the realistic
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Fig. 5.27 Realistic case results obtained for the double slit aperture in front of theMAL. Integration
of the dirty image over wavenumber (left) and recovered spectral data for the 8 pixels that define
the aperture (dark green for right slit, dark blue for left slit) and the residual differences with the
ideal instrument (light green for right slit, light blue for left slit) (right)
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Fig. 5.28 Realistic case results obtained for the double slit aperture in front of the MAL, with one
of the slits covered with a low-pass filter. Integration of the dirty image over wavenumber (left) and
recovered spectral data for the 8 pixels that define the aperture (dark green for right slit, dark blue
for left slit) and the residual differences with the ideal instrument (light green for right slit, light
blue for left slit) (right)

case. In all three cases the standard deviation of the noise represents approximately
a 2% of the maximum value of the spectra. The spatial position of the sources is
recovered (left) as is the spectra (right). The higher frequency modulation present
in the spectra is due to the addition of the photon noise via the NEP of the system.
At low frequencies (corresponding to wavenumbers <5cm−1) there is now power,
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Fig. 5.29 Realistic case results obtained for the double slit aperture in front of the MAL with an
exaggerated bolometric time constant of 2.5 s. Integration of the dirty image over wavenumber (left)
and recovered spectral data for the 8 pixels that define the aperture (dark green for right slit, dark
blue for left slit) (right)

which is explained by the addition of the 1/f noise. In this case, the time constant of
the bolometer doesn’t affect the obtained results because it is much faster than the
sampling speed.

For longer time constants (bigger than the sampling interval), the detector acts as
a low pass filter smoothing the recorded interferograms, which can be useful for high
frequency noise. However, as a result high frequency components or the signal are
filtered as well and the spectrum can not be properly recovered. Figure5.29 shows
the effects of an exaggerated time constant of 2.5 s (approximately 7 times longer
than the sampling interval).

5.4 Chapter Summary

In this Chapter the FIInS data processing of spectro-spatial data has been presented
through the Master simulation and the instrument simulator has been verified via the
Cardiff-UCL FIRI testbed.

The datacube reconstruction from detected interferograms has been performed.
Initial steps consist of the noise reduction and time domain interpolationwhen instru-
ment errors have been included in the simulation. Once the data has been reduced,
the dirty datacube is calculated in two steps: first through Fourier transforming in
the wavenumber domain and second through two dimensional Fourier transforming
in the spatial domain.

It has been observed that instrumental artifacts appear at the dirty datacube. To
reduce them, one can use interferometric data synthesis algorithms. Brute force
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blind deconvolution is not suitable for this kind of data because the dirty beam
corresponding to the Fourier transform of the uv-map sampling is complex. However,
it could be useful when the baseline selection is not as regular causing the dirty beam
to be a gaussian-like beam. In general, the selection of the uv-map coverage has to
be consistent with the intended observation, because it defines the dirty beam. The
CLEAN algorithm, vastly used in radio interferometry, has been applied to the dirty
image, and the results presented show that with small modifications it could be the
designated algorithm for spectro-spatial data cubes.

Finally, a one dimensional approach of the FIInS capabilities has been presented
for verification with the Cardiff-UCL FIRI testbed. The results obtained show that
FIInS is capable of performing an accurate simulation of interferograms given the
system parameters and by processing the simulated data one can recover both the
spatial and spectral features of the input map.
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Chapter 6
Simulated Observations with FIInS

In the Introduction of this thesis the potential science cases that could be assessed by
a Far-Infrared Spectro-Spatial Space Interferometer were introduced. This chapter
focuses on one of these science cases, the Circumstellar Disks, because it is one of
the major areas of focus in ground-based infrared interferometry observations.

There is an extensive bibliography regarding protoplanetary disks and their evo-
lution (Williams and Cieza 2011), structure (Dullemond and Monnier 2010) and
composition (Wood 2008). For this reason, in Sect. 6.1 a brief introduction of the
science behind the circumstellar disks focusing on the disk properties around the far
infrared frequency range is given. In Sect. 6.2 a simulation of a circumstellar disk
is presented. This simulated disk is fed to the instrument simulator FIInS, and the
obtained results are described in Sect. 6.3 for both an ideal instrument and for a more
realistic instrument.

6.1 Protoplanetary Disks—Birthplaces of Planets

To understand how planetary systems and habitable planets are formed, it is essential
to study objects in a variety of evolutionary states. The planet formation process starts
when stars accrete material through disks, created when the massive protostellar
envelopes collapse. When the protostars make their way towards the main sequence,
the remainder of this protostellar disk is what constitutes a protoplanetary disk.
These protoplanetary disks are the birthplaces of planets. An interesting type of a
protoplanetary disk is the transition disk, in which forming planets close to the star
have cleared out gaps in the dust in the inter disk, which if observed could mean the
observation of signatures of planet formation. Disks exhibit a range of temperatures
(hot near the star and cooler further away) thus radiating strongly at a range of
wavelengths from microns to millimeters.

© Springer International Publishing Switzerland 2016
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6.1.1 Protoplanetary Disk Evolution

The process of star and planet formation begins with the collapse of a molecular
cloud, which consists in an exchange of mass: the mass is initially all in the core
but it is processed through an accretion disk inward onto the protostar and outward
through an outflowing material in a jet or wind, allowing the formation of a rotating
flat disk, the protoplanetary disk, due to conservation of angular momentum.

Originally, the protoplanetary disk contains gas and dust with a composition sim-
ilar to the parental molecular cloud. During the course of evolution, this material
turns into larger bodies such as comets, asteroids, and planets. Because these disks
are very opaque in their youngest phase, it is difficult to observe this process directly.
However, the stellar radiation is absorbed by the gas and dust in the disk and heats
the matter to typical temperatures of a few 1000K in the inner disk regions to 10K
in the outer regions.

After about one million years (for solar-mass stars, this process is much faster
for higher masses), the combination of outflow and infall disperses the majority of
the envelope and the star is optically revealed, although a circumstellar disk is still
present. For solar-mass stars, this is the T Tauri phase, while for intermediate masses,
these stars are referred to as Herbig Ae/Be stars (Hillenbrand et al. 1992). Several
million years after the primordial disk has almost disappeared.

6.1.1.1 Pre-main-Sequence Classification

Disks are generally associatedwith the “Class II” spectral energy distributions (SED)
from the pre-main-sequence (PMS) infrared spectral classification of Young Stellar
Objects (YSO) (Lada 1987). This initial classification was based on whether the
emitted energy from YSOs was rising in the mid-IR or with negligible IR excess.

Currently there are four classes to the PMS classification. Classes 0, I, II and
III spectra are seen as an evolutionary sequence with Class 0 being the youngest
sources embedded in natal material, the collapse phase. Class I corresponds to the
accreting protostar. Class II is the stage when the properties of the disks and their
central stars first become optically visible. Finally, Class III YSO spectra represents
the dissipation of circumstellar material prior to the protostar reaching the main
sequence.

However, it must be noticed that SED classification does not give a unique descrip-
tion of the amount and distribution of circumstellar material. For instance, when a
YSO has a highly extinct edge-on disk it can be mis-interpreted as a more embedded,
hence, less evolved object.

In order to distinguish these ambiguities, resolved images, ideally at multiple
wavelengths, are required to fully characterise the evolutionary state of any individual
YSO. Objects exhibiting Class II spectra have many clear lines of sight to the central
star and produce the classic infrared signatures of star plus disk systems.
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6.1.2 Protoplanetary Disk Structure

The protoplanetary disks, or circumstellar disks around young stars, have a very
rich structure, made up of several regions where different physics apply and hence
different wavelength ranges need to be observed. For this reason, the techniques
used to observe these regions vary with the characteristic temperatures and scale
sizes involved.

Figure6.1 shows a representation of a protoplanetary disk. In general, these disks
are relatively large, from a few tens of astronomical units up to 1000AU or more,
while the inner gap disk radius is typically of the order of 0.03AU.

A protoplanetary disk contains gas and dust. The chemistry is dominated by freeze
out and low temperature ion-molecule reactions. Outflows and UV radiation clear
out most of the envelope, leaving a protoplanetary disk with the inner gap between
the disk and the star. Close to the dust inner rim temperatures are high and X-rays
heat dust and gas, which in turn excite molecular lines such as H2, fine-structure
lines, and H2O, among others. The middle planes are cold and gas is frozen out on
dust grains. The outer disk is irradiated by UV light from the star showing mostly
molecular rotational lines in the form of ions and radicals.

The thermal emission from the protoplanetary disks can be observed, aswell as the
scattered light from the dust grains in the surfaces of these disks which is comparable
to the light received from stars. This disk radiation appears in the spectral energy
distribution of a young star as an excess of infrared radiation.

Fig. 6.1 Representation of the structure and spatial scales of a typical protoplanetary disk, adapted
from Dullemond and Monnier (2010), including the techniques that allow the resolution of the
spatial scales
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6.1.3 Far Infrared Interferometry for the Observation
of Disks

The physical properties of circumstellar disks in terms of spatial scale, density and
temperature require to use different observational techniques for different regions
of the disks (Akeson 2008). Also, their basic building blocks are gas, dust and ice,
which radiate predominantly in the far-infrared wavelength range.

In general, for thermally emitted radiation from a disk, far-infrared systems can
probe the outer ring of a disk (from10 to a few100AU),whilemid-infrared telescopes
and near-infrared telescopes can observe intermediate radii (about a few AU) and
inner rims, respectively. Optical and UV systems can observe regions very close to
the stellar surface.

Spatially, the process of observing a circumstellar disk is not straightforward. To
measure disk sizes is difficult because the outer parts are cool and emit weakly. Also,
due to their small angular scales in nearby star-forming regions, interferometry is
required. For this reason, a far-infrared interferometric system is required.

Thanks to Herschel and ALMA, the progress on the study of all phases of cir-
cumstellar, proto-planetary and debris discs has increased remarkably (Wolf and
DAngelo 2005). However, Herschel spatial resolution is not high enough to resolve
relevant spatial scales. Regarding ALMA, although the spatial resolution require-
ment is met, it is limited by the fact of being a ground-based facility. As it is affected
by the transmission of the atmosphere, spectral analysis is limited, for example, the
detection of water is not possible.

Basically, for a full characterisation of stars surrounded by protoplanetary disks
in order to understand their evolution, the only solution to meet the spatial and
spectral requirements is interferometry from space at the far-infrared wavelength
range combined with spectroscopy.

6.2 Numerical Simulation of a Circumstellar Disk

In the previous chapter a simulation of aMaster sky datacube for FIInSwas presented.
However, this sky simulation was generated within the simulator itself.

In the case concerning this chapter, a science sky datacube is the input to FIInS:
a simulation of a circumstellar disk around a Herbig Ae star kindly generated by
Dr. Catherine Walsh at Leiden Observatory (Walsh et al. 2014).

To input an external science datacube, FIInS first loads and extracts the sky grid
parameters from the science datacube. Depending on the frequency range of the
science datacube, FIInS operates at the required band and selects the corresponding
Optical System Level (OSL). The sky grid is then created to compute the corre-
sponding telescope beam. Once the FIInS sky grid is matching the science sky grid
no further modifications have to be performed to run FIInS.
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Fig. 6.2 Science datacube consisting of a circumstellar disk model. Wavenumber integration of
the science datacube (left) and spectral content for 3 selected pixels (right)

The science datacube selected for the next simulations corresponds to a proto-
planetary disk surrounding a Herbig Ae star (Teff ∼ 10,000K). As presented earlier
in this chapter, Herbig Ae/Be stars are pre-main-sequence stars. The main difference
with T Tauri stars is the mass, this being M∗ � M�. Spectrally, their SED shows
strong infrared radiation excess due to the presence of the circumstellar accretion
disk (Hillenbrand et al. 1992), this is, the thermal emission of circumstellar dust.

Spatially, the science datacube is a disk model with a diameter of approximately
400AU and with a gap of radius = 10AU situated 130–140 parsecs from our Solar
System, where the nearest regions of ongoing star formation are. At this distance,
1AU subtends an angle of 7 milliarcseconds.

Figure6.2 shows the provided science datacube. Spatially, it consists of a face-on
disk decreasing in intensity from its centre (left), while spectrally it contains the dust
continuum only (right) which is the predominant at Far Infrared wavelengths. Three
pixels (a, b and c in the picture) have been selected to show the intensity variation
over wavenumber for comparison with the detected spectra later in this chapter.

6.3 A Circumstellar Disk as Seen by a Spectro-Spatial
Space Interferometer

Toperforma simulationwith FIInS of an observation, in this case a circumstellar disk,
the first step is to define the instrument parameters that will define the simulation.
Given the distance to the target and its size, first one has to select the range of
interferometric baselines.

For this given case, the interesting observation is the shape of the disk, this is,
the radius of the inner gap and the diameter of the disk. To achieve the spatial
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Fig. 6.3 uv-map coverage for the Spiral baseline configuration (left) and the corresponding nor-
malised dirty beam (right)

resolution required, here decided to be approximately an order of magnitude better
than the size of the inner gap (0.7arcseconds), a maximum baseline of 80m has been
selected, which gives us a diffraction limited angular resolution of 0.065arcseconds
at 200cm−1 and hence enough to resolve the inner gap radius. The telescope diameter
has been set to 3m.

It is assumed that the interferometer is operating in a boom-based system, and for
this reason the Spiral baseline configuration has been selected.

Figure6.3 shows the uv-coverage for the Spiral baselines configuration (left) and
the corresponding dirty beam (right).

6.3.1 Ideal Instrument

The first simulation with FIInS consists of an ideal instrument, meaning no noise
or errors have been applied to the measured signal. A set of 100 interferograms has
been acquired, one corresponding to each baseline.

Figure6.4 shows the detected spatial maps corresponding to six different
wavenumbers, this is, the dirty image. It can be observed that the detection of the inner
gap is more pronounced for higher wavenumbers, as expected: at those wavenumbers
the interferometric beam allows us to resolve the size of the inner radius. One can
also see the effects of the dirty beam due to the regular spiral nature of the base-
line configuration, because as the wavenumber increases the telescope beam size
decreases, and the spatial noise in the image reconstruction outside the beam area is
higher.

Figure6.5 (left) shows the profile of the dirty image in the FOVx direction
(for FOVy = 0) for the previous wavenumbers. As presented before, the higher
the wavenumber the higher the contrast in the detection of the inner gap radius.
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Fig. 6.4 Spatial layers of the reconstructed dirty data cube corresponding to six different wavenum-
bers (shown on top of each image) in the band of operation of the system for an ideal instrument
simulation

Fig. 6.5 Ideal instrument simulation. Profile of the dirty image in the FOVx direction (for FOVy =
0) corresponding to six different wavenumbers in the band of operation of the system (left). Detected
spectra for the three selected pixels (right)
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Figure6.5 (right) shows the detected spectra for the three pixels shown in Fig. 6.2
(right). Although the relative power of the three pixels is consistent with respect to
the input map a new effect appears in the detection which is a decrease of the power
as a function of the wavenumber much more pronounced than in the input map.
This effect is due to the extended nature of the source: if we consider the extended
source as an addition of point sources, the convolution of the interferometric beam
with each of the point sources will increase the power to the point sources nearby,
this increase will depend on the interferometric beam size. This is why for lower
frequencies or wavenumbers, as the interferometric beam size is bigger, more power
is distributed to the nearby point sources. For higher frequencies or wavenumbers the
interferometric beam size is smaller and thus the power is concentrated around the
point source being convolved. For an ideal instrument, this effect could be modelled
and corrected easily.

6.3.2 Realistic Instrument

The next simulation performed consists of FIInS operating as a more realistic instru-
ment, this is, noise and detector effects are included. The instrument physical para-
meters are maintained. The effects included in this simulation are the background
noise (instrument photon noise and sky background power photon noise, with a
calculated NEPph,background = 1.20 × 10−18 W/Hz1/2), the detector noise (photon
noise and 1/f noise, with an NEPg−r = 2.66 × 10−18 W/Hz1/2), the source photon
noise and the time constant τ = 200µs of the detector. The acquisition frequency
is set to facq = 1/10τ , which if compared to the optical Nyquist sampling yields a
mechanical scanning speed of v = 3.125mm/s equivalent to an optical velocity of
vopt = 1.25cm/s because the instrument band of operation corresponds to theOptical
System Level 2 (see Sect. 4.5.2). As the maximumOPD is 1.5cm and the acquisition
is set to double sided interferograms, the time for a scan is 2.4 s. The number of scans
selected for a given baseline position is 100, meaning for a point in the uv-map a
240s observation is needed. As the number of baselines is 100, the total observing
time will be 400min, which does not include the time to move the telescopes in
such position, also referred to as telescope slewing time’, which is to be simulated
in future versions of FIInS.

Figure6.6 shows the dirty image for different wavenumbers for this simulation.
Although by acquiring 100 scans for each uv-point the signal to noise ratio has been
increased by a factor 10, the presence of noise is still high. However, spatial features
can be easily recovered.

As in the ideal instrument simulation, Fig. 6.7 (left) shows the profile of the dirty
image in the FOVx direction (for FOVy = 0) for the previous wavenumbers. The
presence of noise and errors in the simulation have reduced the contrast of the spatial
detection considerably. Spectrally, as presented in Fig. 6.7 (right) one can observe
that the spectra contained in the source presents a strong continuum component, but

http://dx.doi.org/10.1007/978-3-319-29400-1_4
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Fig. 6.6 Spatial layers of the reconstructed dirty data cube corresponding to six different wavenum-
bers in the band of operation of the system for a realistic instrument simulation

Fig. 6.7 Realistic instrument simulation. Profile of the dirty image in the FOVx direction (for
FOVy = 0) corresponding to six different wavenumbers in the band of operation of the system
(left). Detected spectra for the three selected pixels (right)
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Fig. 6.8 Result of the wavenumber integration (left) and its logarithm (right) for a realistic instru-
ment simulation

it is difficult to discern whether in some position of the circumstellar disk the power
is higher than in other positions. The reason is that the noise level is higher than the
signal difference between regions of the circumstellar disk.

Spatially, one way to increase the contrast to detect the inner gap of the disk is by
integrating over wavenumber.

Figure6.8 shows the result of the wavenumber integration (left) and its logarithm
(right), where it can be observed that the radius of the inner gap is retrievable. The
logarithmic image intensifies the circular shape of the target.

By looking at the interferograms shown in Fig. 6.9, which correspond to the aver-
aging of 100 interferograms per uv-point for five different baselines, one can explain
the obtained results.

For baselines longer than at least 36m the interferogram fringes wash out due to
the extended nature of the source and thus the dynamical range decreases consid-
erably (DR∼10). Although spatially one can recover the target by integration over
wavenumber, spectrally it is more complicated. Without changing the observation
parameters, a partial solution consists of applying the data reduction and reconstruc-
tion algorithms to the shorter baselines.

Figure6.10 shows the results obtained when applying the data reduction and
image reconstruction algorithms to the baselines from 6.74 to 28.98m with values of
Dynamical Range (DR) ∼80 to 15, respectively. Spatially (left) the inner gap radius
cannot be measured, as expected: the interferometric beam is bigger than the radius
at these baselines. Spectrally, however, one can extract that different points of the
extended source present different levels of continuum.

In general, one has to select the parameters to account for all the described effects.
Although acquiring more scans would increase the DR and SNR by a factor

√
N , the

corresponding increase in observing time would limit the number of observations
with the instrument. For this current observation, if previous knowledge of the source
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Fig. 6.9 Result of the average of 100 simulated interferograms for five different baseline lengths for
a realistic instrument simulation (green), and an ideal instrument simulation (blue) for comparison

existed (i.e. the circular symmetry), a baseline configuration limited to a one dimen-
sion baseline configuration (such as the available Fixed Angle configuration without
rotation, see Sect. 4.5.1) would have been enough because the projected baselines on
the sky would measure the same source structure.

Finally, another source of errors that has been simulated are the pointing errors. In
FIInS, the pointing errors are implemented as ameasurable quantity corresponding to
a Gaussian distribution with a standard deviation equivalent to half the smallest tele-
scope beam, for this simulation this is 1.72arcseconds, plus a non-measurable quan-
tity equivalent to a 10% of the previous standard deviation, this is 0.172arcseconds.

Without pointing errors, the zero optical path difference (ZPD) of the interfer-
ogram generated by an on-axis source (θx = θy = 0) appears at the scan position
0cm. The effect of pointing errors in the acquisition of an interferogram can be
easily observed from the evolution of the ZPD.

http://dx.doi.org/10.1007/978-3-319-29400-1_4
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Fig. 6.10 Realistic instrument simulation. Profile of the dirty image in the FOVx direction (for
FOVy = 0) corresponding to six different wavenumbers in the band of operation of the system
(left), and detected spectra for the three selected pixels (right) when a short baseline range is used
in the image reconstruction
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Fig. 6.11 Simulated interferograms when pointing errors are applied to the ideal instrument sim-
ulation for three different baseline lengths

Figure6.11 shows the interferograms corresponding to three baselines. The
selection of the baselines is because pointing errors affect more evidently longer
baselines. It can be observed that the ZPD of the interferograms has shifted away
from 0cm.
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Fig. 6.12 Spatial layers of the reconstructed dirty data cube corresponding to six different
wavenumbers in the band of operation of the system for an ideal instrument simulation when
pointing errors have been applied

The measurable pointing errors are corrected at the dirty image reconstruction by
compensating the sky grid for each baseline, this is (θx , θy) from Eq.5.6. However,
this is not possible for the non-measurable pointing errors.

Figure6.12 shows the reconstructed dirty image for six wavenumbers. The radius
of the inner gap cannot be measured, because the non-measurable pointing errors are
bigger than the inner gap radius, which is 0.1arcseconds.

If the non-measurable pointing errors are not included in the simulation, the
detection is equivalent as for the ideal instrument, because technically what is done
is the calculation of a slightly modified uv-map.

Currently the pointing errors are implemented in FIInS spatially, not spectrally,
meaning that it is assumed the pointing does not change during a FTS scan. Imple-
menting pointing errors during a FTS scan requires the computation of the beam
for each spectral bin, for each telescope, and for each baseline, thus increasing the
simulating time resulting in a computationally heavy routine. After optimisation of
the software, future versions of FIInS will include the effect of pointing errors within
a FTS scan.

http://dx.doi.org/10.1007/978-3-319-29400-1_5
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6.4 Chapter Summary

In this chapter the capabilities of FIInS for the simulation of an observation of
an external science datacube have been presented. The science case selected and
presented in Sect. 6.1 has been a circumstellar disc because of its importance in the
understanding of how planetary systems and habitable planets are formed. Also,
due to the nature of their structure and composition, cirumstellar disks can only be
measured using interferometric systems at the Infrared wavelength range.

In Sect. 6.2 the numerical simulation of the circumstellar disk has been presented
alongside the FIInS procedure to convert the external map to a FIInS validated map.
In Sect. 6.3 the results of a simulated observation have been shown for two cases: an
ideal instrument and a realistic instrument.

For the ideal instrument, the capabilities of a Far Infrared Interferometer from
space to extract the spatial and spectral contents of a circumstellar disk have been
proved. Due to the extended nature of the source, the importance of the selection of
the baseline configuration and range has been shown, as it defines the interferometric
dirty beam which is then convolved with the sky map.

In the realistic instrument case, different sources of noise and effects have been
applied to the simulated interferograms. It has been shown how the selection of
instrument and observation parameters is crucial to maintain a sufficient signal to
noise ratio which allows the detection of the spectral and spatial features of the target.
However, this selection should not be arbitrary and both science product implica-
tions and observational constraints must be taken into account, for example, the
required observation time. Also different observations will require different parame-
ters: longer baselines allowus to extract the small spatial features of a circustellar disk
but degrade the detection of the spectral continuum, while short baselines are useful
for the detection of the spectral features but limit the spatial resolution. Finally, point-
ing errors affect widely the detection of small spatial structures, but with a properly
designed metrology system they can be corrected.

In summary, this first version of FIInS allows the simulation and study of some
instrumental effects during a simulated observation of a science datacube. Future
versions of FIInS will include more instrumental errors and noise, such as pointing
errors during an FTS scan which have not yet been included here for computational
reasons. Future work on the software will be performed prior to its release to the
scientific community to include additional instrumental effects and configurations.
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Chapter 7
Conclusions and Future Work

In this Thesis an instrument simulator for a Far Infrared space interferometer has
been presented, as well as a testbed implementation of the technique intended to be
used to achieve high spectral and spatial resolutions from space.

In the Introduction a general view of Far Infrared astronomy and possible sci-
ence cases for high angular resolution observations was given, through the past and
present Far Infrared instruments to FIRI, the concept of a space based Far Infrared
Interferometer, a system required because of the need for such observations in the
wavelength range between JWST and ALMA. To achieve such angular resolution
at those wavelengths interferometry from space is the only plausible solution. One
of the techniques that could be used to perform spectro-spatial interferometry was
presented: Double Fourier Modulation.

In Chap.2 the theoretical background underpinning Double Fourier Modulation
was presented, this is the combination of Fourier Transform Spectroscopy and Stellar
Interferometry. Fourier Transform spectroscopy is based on the Michelson interfer-
ometer, concept in which one can generate an interferogram by dividing the light
from a source and recombining it on a beam splitter after delaying one of the optical
paths. For a correct detection of the spectral information the sampling of the inter-
ferogram is of great importance, because it defines the spectral resolution and the
spectral band coverage. Stellar Interferometry, based on the Young’s two slit exper-
iment, combines the light from two apertures to create interference to measure the
complex visibility. One can recover the brightness distribution on the plane of the
source by Fourier transforming the complex visibility. The baseline length defines
the angular resolution of the interferometer. Finally, the Double Fourier Modulation
technique is the combination of Fourier Transform Spectroscopy with Stellar Inter-
ferometry. With this technique measurements of the source brightness distribution
and spectrum are performed simultaneously.

Chapter 3 focused in the spectro-spatial interferometer testbeds in which I have
been involved during my programme: the FIRI laboratory testbed (based at Cardiff
University) and WIIT, the Wide-field Imaging Interferometry Testbed (based at
NASA’s Goddard Space Flight Center). Both testbeds have demonstrated the the-
ory of Double Fourier Spatio-Spectral Interferometry or the application of a Fourier
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transform spectrometer (FTS) to aperture synthesis interferometry, the FIRI at Far
Infrared wavelengths, while WIIT at optical wavelengths.

The first version of the instrument simulator FIInS was described in Chap.4. With
a modular architecture, divided in the Sky Simulator and the Instrument model, its
operationwas shown through the differentmodules of the software. The sky simulator
generates the input datacube, including the corresponding photon noise, and is fed
to the instrument model. The instrument model (where Double Fourier Modulation
is performed) can operate as an ideal instrument or a more realistic one if the control
flags are activated. The output of the system is a set of FITS files containing the
interferograms to be processed. FIInS allows the user to output not only the set
of interferograms, but also independent outputs such as uv-maps or transmission
profiles if available.

The current status of FIInS allows to perform simulations of what we call first
order errors. For example, the simulation of the FTS drive response, non-linearities
that occur in a real system (for example a vibrational frequency due to themechanical
motion involved) need to bemodelled. By performing theDouble FourierModulation
via the cosine co-addition one can introduce these errors easily.

The data-processing of FIInS data has been presented in Chap.5 through aMaster
simulation, and its performance has been verified via the Cardiff-UCL FIRI testbed.
For the datacube reconstruction, initially one needs to perform the noise reduction
and time domain interpolation if instrument errors have been included in the simu-
lation. Once the data has been reduced, the dirty datacube is calculated in two steps:
first through Fourier transforming in the frequency domain and second through two
dimensional Fourier transforming in the spatial domain. However, instrumental arti-
facts appeared at the dirty datacube.

To reduce them, interferometric data synthesis algorithms have been proposed.
Brute force blind deconvolution was proven non suitable for this kind of data because
the dirty beam corresponding to the Fourier transform of the uv-map sampling is
complex. However, it could be useful when the baseline selection is not as regular
causing the dirty beam to be a Gaussian-like beam. In general, the selection of the uv-
map coverage has to be consistent with the intended observation, because it defines
the dirty beam. The CLEAN algorithm, vastly used in radio interferometry, has been
applied to the dirty image, and the results presented have shown that with small
modifications it could be the designated algorithm for spectro-spatial data cubes.

Also in Chap.5, a one dimensional approach of the FIInS capabilities has been
presented for verification with the Cardiff-UCL FIRI testbed. The results obtained
show that FIInS is capable of performing an accurate simulation of interferograms
given the system parameters and by processing the simulated data one can recover
both the spatial and spectral features of the input map.

For all the simulations with FIInS absolute knowledge of the sky grid with respect
to the baseline projections has been assumed, which is not the case in a real system
and calibration sources are required.

Finally, in Chap.6 the capabilities of FIInS for the simulation of an observation
of an external science datacube were presented. The selected science case was a
circumstellar disk because of its importance in the understanding of how planetary

http://dx.doi.org/10.1007/978-3-319-29400-1_4
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systems and habitable planets are formed, as well as the nature of their structure
and composition, making them ideal for interferometric observations. The first step
was to convert the external map to a FIInS validated map. Then two scenarios were
simulated: an ideal instrument and a realistic instrument.

For the ideal instrument, the capabilities of a Far Infrared Interferometer from
space to extract the spatial and spectral contents of a circumstellar disks were proved.
Due to the extended nature of the source, the importance of the selection of the
baseline configuration and range was shown, as it defines the interferometric dirty
beam which is then convolved with the sky map.

In the realistic instrument case, different sources of noise and effects were applied
to the simulated interferograms. The obtained results proved the importance in the
selection of instrument and observation parameters, crucial to maintain a sufficient
signal to noise ratio which then allows the detection of the spectral and spatial fea-
tures of the target. However, this selection should not be arbitrary and both science
product implications and observational constraints must be taken into account, for
example, the required observation time. Also different observations will require dif-
ferent parameters: longer baselines allow us to extract the small spatial features of a
circumstellar disk but degrade the detection of the spectral continuum, while short
baselines are useful for the detection of the spectral features but limit the spatial reso-
lution. Finally, pointing errorswere seen to affectwidely the detection of small spatial
structures, but with a properly designed metrology system they could be corrected.

7.1 Future Work

Because of the nature of the work presented in this Thesis, the suggested future
work is divided in the work to be performed with the FIRI testbed, the intended
improvements of the instrument simulator FIInS and the possible solutions for the
synthesis of Double Fourier Modulation data.

7.1.1 About the Cardiff-UCL FIRI Testbed

The Cardiff-UCL FIRI testbed can undergo improvements in the modelling of the
testbed itself as well as hardware upgrades.

Regarding the hardware, the beam walk-off or vignetting in the spectral arm
of the interferometer, could be reduced by using beam focusing optics. Also, the
mechanical construction of the aperture mask is not robust, and if we are to move to
higher frequencies, the uniformity of the slit edges and parallelism need to be more
carefully controlled by utilising photolithographic-made aperture masks. In further
work, more robust scenes will be used, as well as tunable sources. Finally, there exists
the possibility of unbalanced spectral throughput in each interferometer arm, which
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can lead to phase errors. The latter can be monitored by examining both output ports
at the beam splitter.

The use of a step and sample scan method is inefficient compared with rapid scan
techniques for the spectral drive. At the time of writing, this change has already been
performed. More specifically, the fast scan drives have been upgraded to a higher
specification to allow finer monitoring of the position.

As we explore more complex scenes, more sophisticated data-processing tech-
niquesmust be considered. The current forwardmodelling is limited to the knowledge
of the single slit spectral information. These requirements include observations of
known point-like sources to calibrate the instrument or taking advantage of tech-
niques such as self-calibration, where a known point source in a complex scene is
used to calibrate the system. However, the instrument simulator FIInS has proved
to be able to detect the spatial and spectral features without prior knowledge of the
source spectral information, and the data reduction and processing of simulated data
can be applied to testbed data.

To study more complex scenes with the FIRI testbed there exist two possibilities:
first, to develop tunable sources which can be calibrated with standard FTS instru-
ments, and second, following the concept of the apertures in front of the Mercury
Arc Lamp, to photolithographically build a complex scene. To recreate the sampling
of the uv-map, this complex scene can be rotated as the scenes generated by CHIP
for WIIT.

7.1.2 About the Instrument Simulator FIInS

The work presented in this thesis is the first version of the instrument simulator
FIInS and, although proved valid for relatively simple simulations,more instrumental
effects need to be implemented in order to approach the simulation of the performance
of a real spectro-spatial interferometer in space.

In the uv-map generator module, accounting for the slewing time of the telescopes
will be interesting in order to compute the total observation time, as well as fuel
calculations. Related to this, the pointing errors of the telescope need to be simulated
not only for the different telescope positions, but also the pointing errors during an
FTS scan will need to be modelled. To model these some software optimisation is
required because this process is computationally heavy.

The FTS drive is delicate, and the effect of errors in the velocity of the drive is
included in FIInS. However other effects like vibrations during the scan, metrology
errors, temperature variations, among others must be taken into account because it
can affect the readout of the position of the drive, and hence distort the recovered
datacube.

The telescope beam has been modelled in two ways: from the Fourier transform
of the telescope aperture, and from the Hankel transform of the radial profile of the
telescope, both for a uniform illumination. In both cases different illuminations of
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the telescope can be included and simulated. A future step is to include telescope
obscurations profiles, i.e. due to telescope supports, in which case the Fourier trans-
form calculation will need to be used.

The thermal system (optics modules) in FIInS has been modelled according to the
FIRI-CDF Study Report (ESA Concurrent Design Facility 2006). Variations of this
optical setup will require to perform someminimal modifications in FIInS. Currently
the cold optics emissivities and transmission (and hence reflection) are constant
along the band of operation of the instrument. To input transmission profiles from
the different optical elements will narrow the gap between an ideal simulator and a
much more realistic one.

Diffraction due to optical components, non-ideal beam splitters (i.e. errors in the
beam splitter phase), among other effects, can be included in FIInS via a Zemax
simulation of the optical system. To do this one option is to project these effects in
the direction of the collecting telescopes and apply them to the calculated telescope
beam. Current efforts are focused in the Zemax simulation of this FIRI system.

The detector module in FIInS has been tailored to LeKIDs detectors, which are
still under development. To this date, very little is known on the noise properties and
non-linearities of these detectors where substantial research is taking place. With
publication of such results, appropriate modification of the detector module can
take place. Also, an extension to a detector array simulation is planned, as well as
the inclusion of the electronics readout. Due to the modular design of FIInS, other
detector technologies can also be simulated.

Finally, a full sensitivity model will need to be created for the different observing
modes available.

7.1.3 About the Synthesis of DFM Data

The synthesis of Double Fourier Modulation data has been performed with a blind
deconvolution algorithm and with the CLEAN algorithm via AIPS (Greisen et al.
2003). Only the second one has been proved robust enough for DFM data.

The next step will be to perform some modifications on the CLEAN algorithm
by coding a DFM specific one, in order to include some FTS algorithms such as
phase correction and apodization. Apodization requires a unique zero path difference
(ZPD), and researchwould need to be performed to design tailored apodization filters
for DFM data.

Current FTS phase correction algorithms are also dependent on a unique ZPD.
However, the instrumental phase errors, if linear, will affect in the sameway different
regions of an interferogram. This fact can be used to redesign some of the existing
phase correction algorithms, for example the Forman phase correction one.
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7.2 Closing Remarks

In this Thesis the work performed during my PhD programme has been presented.
During the first year,my efforts focused in theCardiff-UCLFIRI testbed data analysis
and forward modelling, which resulted in the publication of the article ‘Demonstra-
tion of spectral and spatial interferometry at THz frequencies’ (Grainger et al. 2012)
in the journal Applied Optics.

The second and third year have focused in the development and testing of the Far
Infrared Interferometer Instrument Simulator FIInS, and preliminary results have
been presented at international Conferences (Juanola-Parramon et al. 2012; Juanola-
Parramon and Savini 2013).

This work presented here provides, for the first time, an end to end simulator of
a Double Fourier Modulation Far Infrared Interferometer. It is intended to be a tool
for the astronomical community to explore the limits of a space interferometer, as
well as to test the performance and technical limits of such a system.
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Appendix A
Telescope Beam Profiles Calculation

In mathematics, the Hankel transform (Goodman 2005; Bracewell and Bracewell
1986) of order zero is an integral transform equivalent to a two-dimensional Fourier
transformwith a radially symmetric integral kernel. It is also called theFourier-Bessel
transform.

Given a function f (r), the Hankel transform pairs are

F(q) = 2π
∫ ∞

0
f (r)J0(2πqr)rdr (A.1)

f (r) = 2π
∫ ∞

0
F(q)J0(2πqr)qdq (A.2)

where J0(x) is a zeroth order Bessel function of the first kind.
The two-dimensional Fourier transform is defined as

g(u, v) =
∫ ∞

−∞
f (x, y)e−2π(ux+vy)dxdy (A.3)

and it is equivalent to Eq. A.1 for x + iy = re jθ and u + iv = qe jφ .
If the telescope illumination is uniform, this is f (r) = 1 from 0 to the radius of

the telescope in units of wavelength, this is rTel = DTel
2

1
λ

= DTel
2 ν, one can write

F(q) = 2π
∫ rT el

0
J0(2πqr)rdr (A.4)

Applying a coordinate transformation w = 2πqr yields

F(q) = 2π
∫ 2πqrTel

0

w

2πq
J0(w)

dw

2πq

= 2π
1

(2πq)2

∫ 2πqrTel

0
wJ0(w)dw (A.5)
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One can then apply the well known recurrence relation

d

dx

[
xn+1 Jn+1(x)

] = xn+1 Jn(x) (A.6)

giving, for n = 0, on integration

∫ x

0
x ′ J0(x ′)dx ′ = x J1(x) (A.7)

where J1(x) is a Bessel function of the first kind, order 1. With x = 2πqrTel , Eq.A.5
can be written as

F(q) = 2π
1

(2πq)2
2πqrTel J1(2πqrTel) (A.8)

Fig. A.1 Beam profile for a circular aperture of DT el = 3 m and uniform illumination at ν =
100 cm−1 (top-left), ν = 133 cm−1 (top-right), ν = 166 cm−1 (bottom-left) and ν = 200 cm−1

(bottom-right)
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Rearranging Eq. A.8 one obtains the beam profile as

F(q) = 2
J1(2πqrTel)

2πqrTel
πr2Tel (A.9)

In the centre of the beam profile, properties of the Bessel function give

lim
x→0

J1(x)

x
= 1

2
(A.10)

Finally, the normalised beam profile is

Beam(q) = |F(q)|2
|F(0)|2 =

(
2
J1(2πqrTel)

2πqrTel

)2

(A.11)

FigureA.1 shows the computedbeamprofile fromEq.A.9normalised to the telescope
area πr2Tel for a telescope of DTel = 3 m at the wavenumbers 100, 133, 166 cm−1

and 200 cm−1.

References

1. J.W. Goodman. Introduction to Fourier optics. (2005).
2. Ronald Newbold Bracewell and RN Bracewell. The Fourier transform and its

applications, volume 31999. McGraw-Hill New York, (1986).



Appendix B
FIInS Quick Start Guide

In this appendix a brief guide to perform a simulation with FIInS is provided. When
performing a simulation, this document should be read in parallel with Chap.4.

B.1 Preparing a Simulation with FIInS

Before performing a simulation of an observation with FIInS, the user must open
the two Microsoft Excel files provided, FIInS_Instrument.xlsx and SkyParams.xlsx,
where the simulation parameters can be tailored.

B.1.1 FIInS_Instrument.xlsx

In FIInS_Instrument.xlsx the user will find the predefined instrument parameters,
organised in sheets. In the FTSpectrograph sheet the four predefined bands of oper-
ation of the FIRI system are shown, which are also presented in Table B.1.

To select the band of operation, the user needs to switch to theColdOptics sheet. In
this sheet the basic parameters of the Cold Optics module are shown. By selecting the
Optical System Level (OSL) the band of operation is automatically selected (shown
in red in the FTSpectrograph sheet).

The sheets Telescope,WarmOptics, Background and Detector contain the prede-
fined parameters such as emissivity, transmission and temperature of the different
elements. The user may modify them according to the preferred observation. In the
sheet Interferometer one selects the baseline configuration and range. In FTSme-
chanical the number of FTS scans is selected.

Once all the parameters have been modified accordingly to the user preferences,
one needs to display the ForSkyParams sheet. This sheet contains the derived para-
meters and it is intended to be a guide for the definition of the input datacube. The
derived parameters are separated in Spatial parameters and Spectral parameters.
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Table B.1 Predefined bands of operation in FIInS

Band λmin (µm) λmax (µm) Resolving Power Points per Nyq

1 25 50 300 1

2 50 100 300 1

3 100 200 300 1

4 200 400 300 1

The Spatial parameters show the pixel resolution (derived from the maximum
baseline and the band of operation), the field of view (derived from the telescope
size and the band of operation), and the corresponding number of spatial pixels (Nx

and Ny).
The Spectral parameters show the derived maximum optical path difference and

its increment, the spectral resolution, and the corresponding number of spectral pixels
(N).

In ForSkyParams one can also find the datacube size, both in number of points
and in bytes. The user must account for the size when performing a simulation. To
make use of the Parallel Computing Toolbox in Matlab, the datacube size must not
exceed 1 GByte as each Matlab worker (or processor) only accepts up to 2 GBytes
of data (1 GByte for the sky datacube, 1 GByte for the beam datacube).

B.1.2 SkyParams.xlsx

In SkyParams.xlsx the user can design a sky datacube. Following the guidelines in
ForSkyParams from FIInS_Instrument.xlsx, the user must place the sources within
the field of view.

Three different sources are available: point source, gaussian source and elliptical
source. The common parameters are x_pos and y_pos (in arcseconds), the temper-
ature (in Kelvins), the cut-on and cut-off wavenumbers, the emission wavenumber
(to place an emission line across the spectrum) and the absorption wavenumber (to
place an absorption line across the spectrum). The specific parameters are:

Point source The FWHMmust be left empty, the user has to include the emissivity.
Gaussian source The user inputs the FWHM (in arcseconds).
Elliptical source The FWHMmust be 0, the user then inputs the x-width, y-width
(all in arcseconds) and tilt of the ellipse (in degrees).

The user has also the option to leave the x_pos and y_pos empty. In this case,
the simulator will prompt a sky grid and the user selects the position of the sources
by clicking. Once the parameters have been selected, the user must move the corre-
sponding sheet to the beginning of the sheets list: Matlab will read the first sheet to
create the sky datacube.
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B.2 Running FIInS

Once the instrument and the sky datacube parameters have been modified according
to the desired observation, the user can run FIInS. A preliminary step is to activate
or deactivate the control flags. To do this, one must open FLAGS.m fromMatlab®
or from a text editor.

The FIInS folder must then be opened fromMatlab®. By typing FIInS_core
on the command line, the simulation will start.Matlab®will prompt the simulator
progress, as shown in Listings B.1.

Listing B.1 Example of the FIInS command line output.

1:02:19.663 PM Loading instrument parameters ...
1:02:21.238 PM Calculating uv-map...

Spiral baselines computed!
1:02:21.248 PM Calculating FTS derived parameters ...
1:02:21.268 PM Generating instrument beam ...
1:02:21.899 PM Starting sky generator module ...

Gaussian source positioned in Sky Map...
Point source positioned in Sky Map...
Elliptical source positioned in Sky Map...
1:02:22.391 PMSky map generated correctly!
1:02:22.531 PM Calculating warm optics derived

parameters ...
1:02:22.548 PM Calculating cold optics derived

parameters ...
1:02:22.571 PM Calculating background power ...
1:02:22.703 PM Calculating sky noise ...
1:02:22.753 PM Starting Double Fourier Module ...

Computing interferograms ... Please wait.
Starting matlabpool using
the ’local ’ profile ... connected to 4 workers.
1:03:11.253 PM Interferogram computed ..
1:03:11.895 PM Interferogram computed ..
1:03:12.420 PM Interferogram computed ..
1:03:12.968 PM Interferogram computed ..
1:03:49.845 PM Interferogram computed ..
1:04:27.450 PM Interferogram computed ..
1:03:50.839 PM Interferogram computed ..
1:03:51.397 PM Interferogram computed ..
1:04:28.679 PM Interferogram computed ..
1:03:52.062 PM Interferogram computed ..
1:04:28.488 PM Interferogram computed ..
1:05:02.003 PM Interferogram computed ..
1:04:28.721 PM Interferogram computed ..
1:05:02.592 PM Interferogram computed ..
1:05:03.597 PM Interferogram computed ..
1:05:31.830 PM Interferogram computed ..
1:05:02.316 PM Interferogram computed ..
1:05:31.892 PM Interferogram computed ..
1:05:32.220 PM Interferogram computed ..
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1:05:33.586 PM Interferogram computed ..
1:05:33.607 PM Interferograms computed!

Sending a stop signal to all the workers ... stopped.
1:05:36.946 PM Calculating detector noise ...
1:05:36.989 PM Adding noise to the interferograms

...
1:05:37.416 PM Applying detector effects ...
1:05:37.663 PM Sampling and readout ...
1:05:39.854 PM FIInS simulation finished!

Elapsed time is 200.256837 seconds.

When the simulation is finished, the user may access the output interferograms,
summarised in Table B.2, where N is the number of samples per interferogram, Nb

is the number of baselines and Ns is the number of scans per baseline. For each of
these interferograms the position vector and the time vector are also recorded.

Table B.2 Available output interferograms from FIInS

Variable Size Description

Ig N × Nb Raw interferogram

IgD N × Nb Raw interferogram, time constant

IgDN N × Nb × Ns Raw interferogram, detector time constant, photon noise

IgDNS N × Nb × Ns Raw interferogram, detector time constant, photon
noise, sampling

IgDNf N × Nb × Ns Raw interferogram, detector time constant, photon
noise, 1/f noise

IgDNfS N × Nb × Ns Raw interferogram, detector time constant, photon
noise, 1/f noise, sampling

IgN N × Nb × Ns Raw interferogram, photon noise

IgNS N × Nb × Ns Raw interferogram, photon noise, sampling

IgNf N × Nb × Ns Raw interferogram, photon noise, 1/f noise

IgNfS N × Nb × Ns Raw interferogram, photon noise, 1/f noise, sampling

IgS N × Nb Raw interferogram, sampling

IgDS N × Nb Raw interferogram, detector time constant, sampling
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