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ABSTRACT

Ariel is an ESA mission that will use the transit spectroscopy method to observe the atmospheres’ of
~1000 exoplanets. Ariel is a 1 m class cryogenic space telescope that will be placed in a halo orbit
around the Earth-Sun L2 point. To detect atmospheric molecular absorption features, Ariel will
produce medium-resolution spectra (R = 15) using three spectroscopic channels covering 1.1 —7.9
um as well as having photometric channels covering 0.5 — 1.1 um. The technical driver for Ariel,
though, is the photometric stability. This is to enable the detection of atmospheric spectral features
that are a signal of tens of ppm relative to the host star. Ariel, therefore, aims to have tens of ppm

stability over long (10 hr) timescales.

To achieve Ariel’s science goals, the payload requires detailed calibration and performance
verification. The testing of the integrated Ariel payload will be the subject of this work. The ground
calibration of the Ariel payload will take place in 2026 in the 5m vacuum chamber at the Rutherford
Appleton Laboratory’s space instruments test facility. The payload will be enclosed in a Cryogenic Test
Rig (CTR), to provide a space-like (35 K) thermal environment. During the cryogenic vacuum testing,
the payload will be illuminated by the Optical Ground Support Equipment (OGSE). The OGSE used to
calibrate the payload is being developed by a team led by Oxford University and the University of

Lisbon.

The author joined the project just before mission adoption. The thesis was submitted just after the
completion of the payload Preliminary Design Review (pPDR). The work completed in this thesis
focused, therefore, on performance simulation, requirement derivation and design of the OGSE
system. In this thesis, many of the key performance parameters will be derived. It will be shown how
these parameters have shaped the OGSE system from an architectural level down to the detailed

design.
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To define the performance parameters of the OGSE, the calibration observation modes must be
defined. Methods were, therefore, defined to show how the OGSE can be used to perform the
payload-level calibration of Ariel. End-to-end radiometric simulations were also provided to simulate

the focal plane signal when the payload is illuminated in the various calibration modes of the OGSE.

The photometric stability and dark current tests were identified as particular drivers for the OGSE
design. The need for dark testing of the payload was used to derive the thermal requirements for the
system. Finite Element Analysis (FEA) was then used to assess the thermal performance of the OGSE
system, and thus enable low-background testing of the payload (<1 e’pix's?). The other performance
driver identified was the photometric stability test. End-to-end time-domain simulations of this test
were performed to derive the required performance of OGSE flux monitoring systems. OGSE
monitoring detector candidates were then assessed to demonstrate these could be used to verify the

stability of the payload.

Alignment during ground testing was discovered to be a critical technical risk to the OGSE system. It
will be shown how monitoring alignment from ambient to cryogenic temperatures led to a major
redesign of the OGSE architecture. Moreover, Ariel’s tiny field of view (~30”) leads to extreme
(arcsecond) alignment maintenance requirements. An alignment monitoring system will be presented,
built and verified, to enable the closed-loop monitoring required to keep the OGSE spot within the

payloads’ spectrometer slits.
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PREFACE

The work completed in this thesis was completed in the 2019-2023 time frame - encompassing the
COVID-19 pandemic. This project underwent significant restructuring to account for this. Remote work

mandated an increased emphasis towards modelling and analysis and a greatly reduced quantity of

experimental work.

Significant portions of this work was developed as part of the various Ariel instrument and mission
reviews. Occasionally, as appropriate, requirement identifiers (e.g. R-SCI-210) are used in this thesis.

The full wording of selected requirements is given in Appendix C.
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1 THE ARIEL MISSION

Since the first detection of a planet around another star [1], the field of exoplanet science has seen
rapid developments with the discovery of thousands of planets in the last decade [2]. Of these
thousands, compositional information has been retrieved for tens of planets [3]. These planets

provide a tantalizing glimpse into the vast parameter space to be explored by exoplanet observations.

An example of such an extreme world is the hot Jupiter WASP-43b which orbits its host star with a
period of 19 h [4]. Retrievals of the temperature for this planet indicate that it has temperature
gradients of ~1000 K between the day and night side of the planet [5]. Exoplanets can act as
laboratories for conditions that cannot be observed within our solar system, providing a more general

framework for understanding planetary processes.

Ariel aims to be the first mission to characterise ~1000 exoplanets, enabling exoplanet demographic

studies for the first time.

In this section, we will describe the Ariel mission in the context of the range of methods of observing
exoplanet atmospheres. It will then be discussed how the Ariel science goals have shaped the payload
and the calibration measurements that must be made. The required calibration measurements, in

turn, drive the design of the optical ground support equipment, the subject of this DPhil.

1.1  WHY IS ARIEL THE NECESSARY NEXT STEP FOR EXOPLANET SCIENCE?

To see why Ariel will be so critical for exoplanet science, we consider how the Ariel mission will sit in

the context of other exoplanet observing methods.

1.1.1 Methods for observing exoplanets

Until recently, the main advances in exoplanet science were in detection. Various discovery methods
have been developed and are summarised by [6]. Four of the most successful methods are direct

imaging, microlensing, transits, and radial velocity. Each method probes a different region of the
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mass/orbit parameter space (illustrated in Figure 1) and can retrieve different physical properties of
the planet. As a result, these complementary methods provide a more complete picture of exoplanets

than any method alone.
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Figure 1: Relative sensitivity of different observational methods as a function of planet mas and orbital
distance. Soler system planets are shown by their corresponding letters. The semi-major axis is scaled by the
snow line distance agy,,, = 2.7 AU (M, /Mg). Figure courtesy of B. Scott Gaudi and Matthew Penny published
in [6].

Primary transits (Figure 2) cause a drop in light when a planet passes in front of its host star. This drop
in light depends on the relative size of the planet to the star hence this method provides a direct
measurement of the planet’s radius. Primary transits have proved the most numerous method of
planet detection with 4000 planets [2] detected to date?, thanks in part to the TESS, CHEOPS, Kepler,

Gaia, and CoRoT missions. This number is expected to grow significantly by the time Ariel launches

1 Correct as of 14/9/23
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with new results from PLATO (PLAnetary Transits and Oscillation of stars)[7] as well as ground-based

surveys.
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Figure 2: A sample transit photometry light curve. [8, 9]

The second crucial observational method is the radial velocity method. This method uses high-
resolution (R = 25,000 — 100,000 [10]) ground-based spectroscopy to observe a star’s Doppler
shift, which is caused by an orbiting planet. Since it is due to the planet's gravitational influence, this
method can be used to retrieve the planet's mass and its ephemeris. Both are useful parameters to
constrain atmospheric retrievals. Knowledge and maintenance of exoplanet ephemerides is also

critical for scheduling Ariel’s observations.

1.1.2 Why do we need to observe exoplanets spectroscopically?

By combining the mass measured by radial velocity measurements with the planet’s radius measured
from transits, we can get an estimate of the bulk density of an exoplanet. This density can be used as
a first guess for the composition of an exoplanet, but this method is highly degenerate. If spectroscopic

measurements are made, this can provide additional constraints on the atmosphere’s composition,
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temperature, structure, and cloud/haze coverage. Therefore, the goal for understanding exoplanets

is to spectroscopically resolve their atmospheres. This is the approach Ariel will use.

1.1.2.1 The transit spectroscopy method

An example exoplanet light curve is shown in Figure 2. There are three features labelled on this plot:
The transit (A), the phase curve (B) and the eclipse (C). The transit is seen as a drop in light when the
planet passes in front of the host star, partially blocking the star’s light. In addition to the star’s light,
there is also a measurable signal from the planet. The planet’s flux includes both thermal emission as
well as reflected light from the host star. When the planet passes behind the host star, the

contribution from the planet is no longer seen causing a drop in light - referred to as the eclipse.

The final feature in Figure 2 is the phase curve. This flux variation is caused by the planet's brightness
not being uniform across the planet's surface. As the planet moves from transit to eclipse, more of the
day side of the planet becomes visible causing an increase in flux. Measuring the phase curve,

therefore, provides insights into the day-night thermal gradients.

To gain compositional insights, light curve measurements can be made at multiple wavelengths. By
differencing the in-transit flux from the out-of-transit flux, the transit depth can be estimated. The
transit depth can then be measured at multiple wavelengths to produce a spectrum such as the one

shown in Figure 3 (and similarly for the eclipse).
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Figure 3: Example Hubble wide field camera 3 spectra of WASP-76 b [8, 11]. Left shows the transit spectra.

Right shows the eclipse spectra.
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1.1.2.2 Transit spectroscopy science goals

By measuring exoplanets spectroscopically, several additional questions can be addressed. Here we
describe the specific questions that Ariel aims to address. A detailed description of these goals is given

by Tinetti et al. [12] and can be summarised as:

e What are exoplanets made of?
e How do planets and planetary systems form?

e How do planets and their atmospheres evolve?

1.1.2.2.1 Composition

From transit/ eclipse spectra, retrieval tools such as TauREx [13] and NEMESIS [14] can be used to
directly retrieve the abundances of certain molecular species. A sample of the molecular features that
will be observable by Ariel is given in Figure 4. These species all have absorption features within the
Ariel wavelength range. From the mixing ratios of the observable molecules (Figure 4), chemical

models can be used to infer the presence of less visible molecules e.g. N,.

With Ariel, bulk composition estimates will be carried out for a large sample (~1000) of exoplanets.
Currently, the only method we have for populations greater than tens of planets is based on the bulk
density. Even if the density of the planet could be exactly known, this does not uniquely constrain the
composition of the interior; for example, a water world could have the same bulk density as a planet
with a large iron core but an H/He atmosphere. With Ariel, it will be possible to break this degeneracy
by observing during primary transits and retrieving the scale height of the atmosphere, hence the
mean molecular weight. The scale height will be very different for a hydrogen versus a metal-rich

atmosphere allowing these types of planets to be distinguished.
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Figure 4: The spectrum of prominent atmospheric species plotted at constant spectral resolution (R=300).
Figure from [8]. (figure adapted to public domain version for ORA deposit)
Obtaining bulk compositions is something that still proves challenging even for the gas giants in our
solar system [15]. Since transit spectroscopy only probes down to order unity optical depths, much of
the atmosphere remains unseen. This is especially problematic for cool gas giants since certain
molecular species will condense out at altitudes lower than we can see. This will cause the depletion
of key molecular carriers of atomic species at the observed pressure levels. Therefore, these key
carriers can remain undetected or their abundances underestimated. This means that for cool gas
giants, converting from the observed abundance to the bulk abundance is very sensitive to the

atmospheric chemical models used.

Ariel will get around this by observing large numbers of hot Jupiters (see [16]). These planets are
expected to be sufficiently hot that these key atomic carriers will not have condensed out. Therefore,
we expect the observed abundances to resemble the bulk composition more closely. Moreover, due
to research in combustion engines, chemical models for the temperatures and pressures seen in hot
Jupiters are more tightly constrained than for cooler planets, further making bulk composition

estimates more reliable [12].
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1.1.2.2.2 Formation

Composition information obtained from exoplanet spectra also has implications for understanding
planetary formation. This includes understanding the distinction between super-Earths and sub-
Neptunes [17], which are expected to form in different ways. Super-Earths are expected to reach their
critical mass (the mass at which a planet’s potential well is deep compared to the thermal energy of
the gas in the disk) after the gas in the protoplanetary disk has dissipated whereas sub-Neptunes are
expected to have reached their critical mass sufficiently early, so they were able to accrete a significant
primary atmosphere. Each formation mechanism, therefore, produces a very different atmospheric
composition, something that is directly observable by transit spectroscopy. Observing super-Earths
and sub-Neptunes is key in deriving upper and lower radius limits of each formation pathway and
constraining the importance of other formation methods, such as photoevaporation of sub-Neptunes

becoming super-Earths[18].

Oberg et al. [19] was the first to point out another way composition could be used to understand
planetary formation. They showed that core accretion in a protoplanetary disk with a thermal gradient
would lead to chemical signatures in exoplanets’ atmospheres. This is because species present in the
gas phase versus the solid phase will vary as a function of temperature and hence, as a function of
distance from the host star (Figure 5). The gas accreted during the formation of the planet’s

atmosphere will, therefore, reflect the disk’s gas-phase composition at the formation location.

A popular metric for describing the atmospheric composition is the C/O ratio as this shows strong
variation across the protoplanetary disk (Figure 5) [19]. The C/O ratio, therefore, provides insights into
where the plant was formed. It will also test the core accretion model versus the gravitational

instability model as the latter predicts that all planets should form with stellar C/O ratios.
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Figure 5: Carbon-to-oxygen ratios as a function of distance from the star [19]. The step-like features seen show
the change in gas and grain composition in the protoplanetary disk as different species freeze out of the gas

phase at their corresponding snow lines (H20, CO2 and CO).

1.1.2.2.3 Evolution

The present-day atmospheric state is not only determined by the formation mechanism, the state also
provides insights into the evolution processes. For sufficiently close-in exoplanets, a dominant
evolution process is atmospheric escape. This process is known to depend strongly on (amongst other
things) composition and the temperature profile of the atmosphere, both of which will be measured
by Ariel. It will do this in multiple ways. Phase curve observations, alongside ingress/egress mapping
during a secondary eclipse can be used to recover the 3D temperature structure of the exoplanet [20]

which can constrain thermal transport models (e.g. molecular recombination timescales [21]).

A possible end state of atmospheric escape is the formation of a rocky core stripped of its atmosphere,
such as LHS 3844b [22]. Using phase curve spectroscopy (see 1.1.2.1), the temperature distribution of
this planet was observed. The large (1000 K) temperature gradients and the position of the hotspot
relative to the substellar point were considered inconsistent with atmospheric circulation models

which were used as strong evidence for a bare rocky core.
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Along with phase curve observations, Ariel can also attempt to answer questions about atmospheric
escape in a statistical sense. Transit spectroscopy can determine whether a planet has an atmosphere
(or at least rule out a significant cloudless primary atmosphere). Due to Ariel’s sample size, the
presence or absence of atmospheres will be observed as a function of stellar type, semi-major axis,

and planetary mass to observe photoevaporation limits.

As well as the statistical results, Ariel will be used to observe a small number of targets that are
believed to currently be evaporating [23]. It is anticipated that we will be able to observe the
Rayleigh/Mie scattering tail of the spectrum and hence, determine the size of the particles being lost

from the evaporating planet.

1.1.3 Past and future spectroscopic missions

Transit/ eclipse spectroscopy, therefore, provides insights into a range of planetary science questions.
Over the past decade, several telescopes have been used to spectroscopically observe exoplanets,
however, none were specifically designed for this task. Here we describe some of the leading

observatories and highlight the differences of Ariel.

The Hubble Space Telescope was the leading observational platform for exoplanet spectroscopic
measurements providing coverage from 0.2 — 1.7 um with the Wide Field Camera 3 (WFC3) (in two
channels that cannot be viewed simultaneously) [24]. Until recently, Spitzer was also used for
coverage in the IR [3] (Figure 6). A smaller number of successful characterisations have also been made
from the ground including the detection of Titanium Oxide on WASP-19b using the low-resolution

FOcal Reducer and low dispersion Spectrograph 2 (FORS2) on the VLT[25].
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Figure 6: Comparison of the spectral range and expected noise performance of Ariel versus Hubble/Spitzer [23].

Current successes in atmospheric characterisation are dominated by JWST. JWST has a resolving
power ~5.7 times that of Hubble and a collecting area 5.6 times that of Hubble. This means JWST
provides much better spectral resolution whilst maintaining a similar S/N ratio [26]. JWST also
provides a much broader spectral coverage from 0.6 — 28.8 um [26], allowing more molecular
features to be observed. Predictions using retrievals of simulated spectra and instrumental noise
models expect that JWST will be able to retrieve the metallicity to within a factor of 3 and the carbon-
to-oxygen ratio within a factor of 1.6 within 2 transit events for favourable targets[27]. This marks a

significant improvement over previously available data [28].

Further advancements will come with the launch of Ariel [12]. This mission has two key advantages
over JWST. The first is the sample size of the mission. JWST is built around four broad science themes
(early universe, stellar evolution, galactic evolution and exoplanets) [29], so observational time must
be divided between them. Based on the level of community interest and mission overheads, Cowan
et al. [30] estimated the observational time for exoplanet transits would be ~300 days. They further
estimate the time required for different observations: approximately 2 days per giant planet, 12 days
for phase curve mapping, and 100 days for a temperate terrestrial planet. Assuming some

combination of these science goals are followed, then it is anticipated JWST will observe tens of
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exoplanets. Ariel aims to probe the atmospheres of many more (~1000) atmospheres since it is a
mission solely dedicated to exoplanets. This will provide unique statistical insights into exoplanet

populations.

The second key advantage of Ariel is that it provides simultaneous spectral coverage from 0.5 to
7.8 um. For JWST to achieve this spectral range, it will require the use of multiple instruments typically
needing observations of four transits [30]. Experience from Hubble has shown that instrumental
systematics can provide significant problems when trying to combine data from different instruments,
and this may limit retrieval precision. As well as the instrumental systematics, there is also stellar
activity which provides a time-varying background that will be different for each observation. Barstow
et al. [31] found in simulations that this effect dominates the uncertainty in JWST retrieved

abundances for active stars.

Ariel is, therefore, well situated to revolutionise exoplanet science in the next decade. It will allow us
to perform population studies on exoplanet atmospheres for the first time providing further insights

into exoplanet composition, formation, and evolution.

1.2 HOW EXOPLANET SCIENCE DRIVES THE ARIEL DESIGN

1.2.1 Science requirements

The Ariel design is driven by its science goals (section 1.1.2). These goals motivate the science
requirements of the payload, which in turn drives the payload design. A detailed description of the
science requirements is given in the Ariel Science Requirement Document [32] and is summarised

here. The key science requirements define the following:

Spectral range

Stellar targets

Resolving power

Photometric stability / Signal-to-noise
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e (Cadence

1.2.1.1 Spectral range

Ariel’s primary goal is to observe the composition of a diverse range of exoplanets. The main molecules
to be detected (H.0, CO, CO,, CHs and NHs) have strong absorption features in the near and mid-
infrared (Figure 4). For eclipse observations, the highest signal-to-noise retrievals will be possible
when observing close to the black-body peak of the planet’s spectrum. Conveniently, hot/warm
Jupiters’ black-body spectra peak in the same spectral window as these molecular features. It is for

these reasons that Ariel will observe to 7.8 um.

The NIR/visible part of the spectrum is dominated by Rayleigh/Mie scattering, so it can be used to
detect the presence and nature of clouds and hazes. Star spots also show up more strongly in the
visible spectrum, so star spots seen in the visible can be used to correct the IR spectra [33]. To enable

these goals, the short-wave limit was set up to 0.5 um (Figure 7).
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Figure 7: The spectral coverage of the different detectors, denoted by the figure of merit (FoM), which is
defined to be the product of the collecting area, the optical throughput, and the detector quantum

efficiency[8]. (This figure was switched to a public domain version for ORA use)
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1.2.1.2 Photometric stability

In addition to the spectral range, the other key driver for Ariel is the photometric stability. Ariel uses
the transit spectroscopy method to observe exoplanets (section 1.1.2.1). Because this is a time domain
measurement, the uncertainty in the transit depth directly depends on the photometric stability/noise
of the payload. Since the atmospheric signals of interest are on the order of tens of ppm (Figure 6),
this implies the payload must be photometrically stable to tens of ppm over transit timescales (<10hrs;

R-SCI-210).

Photon noise limits the photometric stability for the vast majority of Ariel’s targets. The photon noise
floor depends on both the brightness of the targets as well as the spectral resolution so must be
considered together. To ensure a diverse population of exoplanets, Ariel has been designed to view
targets between GJ 1214 and HD 219134 (K-magnitude of 8.8 to 3.25; R-SCI-260, R-SCI-270). This
corresponds to a ~300 times dynamic range in the visible part of the spectrum. These targets must be
observed with a resolution of R = 15 between 1.10 and 1.95 um, R = 100 between 1.95 and 3.90
um, and R = 30 between 3.90 and 7.80 um (R-SCI-100, R-SCI-105). Ariel will, therefore, be designed
to meet the stringent SNR requirements, for the defined bright and faint targets, with a moderate

spectral resolution.

1.2.2 Payload design

The payload design to meet the science requirements (section 1.2.1) is shown in Figure 8 & Figure 9.
Ariel uses an off-axis Cassegrain telescope to collect stellar/planetary flux. The light then passes
through a dichroic chain, which allows all focal planes to be illuminated simultaneously. The focal
planes consist of 3 spectroscopic channels (labelled AIRS channel 0 and 1 and NIRspec) as well as the
photometric channels in the FGS (fine guidance sensor), which will be used both for science and for

source tracking.
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Figure 8: The Ariel payload + service module [34]. (This figure was switched to a public domain version for ORA

use)
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Figure 9: The telescope optical bench [34]. (This figure was switched to a public domain version for ORA use)

As discussed above (section 1.2.1.2), photometric stability is critical for Ariel. This has several design
implications for the payload. For most targets, Ariel is photon noise limited. The noise floor, therefore,
depends strongly on the size of the primary mirror and the throughput of the system. This drives the

need fora 0.65 m’ primary mirror (R-TEL-M1-0010; [35]).

To ensure, a photon-limited design, other noise sources must be minimised. The payload, therefore,
uses low noise (<25 e per read; R-PRD-8812) MCT detectors. However, to reduce the dark current,

the payload detectors need to be operated at cryogenic conditions, (e.g. AIRS Ch0 detector T < 42 K)
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[36]. The dark current (along with thermal emission from optical elements) drives the thermal
architecture shown in Figure 8. The payload uses low-conductivity Carbon Fibre Reinforced Plastic
(CFRP) bipods and V-groves to isolate the ambient service module from the cryogenic optics (~50 K

[37]).

In addition to needing cryogenic conditions, the payload also requires a thermally stable environment
for the optics and detectors (<5 mK stability for the AIRS detectors [36]). This is to ensure a stable PSF
and to avoid temperature-correlated gain drifts, as variability could cause photometric errors in the
exoplanet transit signal. For Ariel, thermal stability is achieved by a combination of active control and

operation at L2, with the service module always facing the sun.

1.2.3 Instrument design (AIRS +FGS)

The light from the telescope is split by wavelength using a series of dichroics to illuminate the different
instruments (see Figure 9). The first dichroic (D1) cuts off at 1.95 microns, reflecting the short-wave

component to the FGS. The long wave component is transmitted to AIRS.

AIRS [38] consists of two channels: CH1 and CHO, with CHO covering 1.95 - 3.9 um and CH1 covering
3.9 - 7.8 um. A second dichroic (D2) splits the light between these two channels. Each channel
functions as an independent instrument and both channels have the same optical architecture shown
in Figure 10. At the input of each channel is a slit that sits at a focal plane. However, to avoid vignetting,

the slit is oversized compared to the PSF making them essentially slitless?. After the slit, the light is

2 The slitless nature of the spectrometers becomes important for multiple calibration measurements
including the spectral resolution. Due to the lack of slit, the payload spectral resolution is determined

by the payload PSF.
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collimated using a lens and is dispersed using a prism. An imaging lens is then used to separate the

angular (and thus wavelength) components on the focal plane.

Input slit
i Collimating lens

X CH 0 spectrum

Figure 10: AIRS CHO optical design [34, 38].

Light at wavelengths less than 1.95 microns is detected by FGS [39] using the design shown in Figure
11. Unlike AIRS, FGS takes a collimated input. The 13 by 20 mm elliptical input beam is further
contracted by a Gregorian telescope within FGS. The light is then separated by a further three dichroics
to pass signals to the four instrument channels - three photometric and one spectroscopic. The

compact design uses two MCT detectors, to observe all four instrument channels.

Figure 11: FGS optical design [39, 40] .
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In this way, Ariel achieves simultaneous spectral coverage between 0.5 — 7.8 microns.

1.3  CALIBRATING ARIEL BEFORE LAUNCH

Achieving Ariel’s ambitious science goals also requires detailed calibration before launch. Tests are
performed at multiple levels: component (e.g. detector), unit (e.g. detector + full acquisition chain),
system (e.g. AIRS) and eventually at payload level. Components are calibrated and the performance is
verified at the lowest possible level and then verified at higher levels. The Payload level performance

and calibration verification is the responsibility of the Optical Ground Support Equipment (OGSE).

1.3.1 Test campaigns of past missions

The Ariel test campaign has many similarities with previous large-scale space missions. Given Ariel’s
wide wavelength range, of particular interest are JWST, the Herschel space observatory and the Euclid

mission.

1.3.1.1 JWST OGSE and ground calibration campaigns

A comprehensive description of the JWST Assembly Integration and Test (AIT) flow is provided in [41].
As with Ariel, it was planned that the science instruments (e.g. MIRI) would be fully calibrated and
verified before integration into the Integrated Science Instrument Module (ISIM). Three T-VAC
campaigns would then be used to verify the ISIM performance (Figure 12). The ISIM was then
integrated into the telescope for a final telescope-level T-VAC campaign (Figure 13). The final
integration phase incorporated the spacecraft and sunshield. The spacecraft level testing, was,

however, only conducted in ambient conditions.

Whilst it was initially planned that all science instruments would be fully calibrated at the instrument
level, ISIM level measurements proved critical for the full calibration flow. This was partly due to all
the detectors in the three near-infrared instruments (NIRCam, NIRSpec, FGS/NIRISS) needing to be

replaced due to a dark current issue. Moreover, in multiple cases, flight components were not ready

Page 27



for instrument-level test campaigns. This meant significant amounts of de-risking and calibration were
performed at the ISIM level for the first time. This highlighted the importance of calibration at later

stages of integration.

Due to the telescope optical bench being an intrinsic part of the telescope structure, Ariel incorporated
the functions telescope optical bench level campaign into the payload level campaign. Therefore, both

the ISIM and payload-level OGSE designs for JWST are of interest.

At the ISIM level, JWST used the OGSE described in [42] (Figure 12). The telescope simulator is required
to generate a beam with the correct pupil and focal surface locations as well as the correct f-number
(F/#). The design to achieve this is based on a finite-conjugate reflective relay. The design uses a single-
powered mirror to relay the image of source fibres to the instruments under test. A pupil wheel is
used to place a series of masks in the beam. This wheel allows the JWST multi-segment pupil to be
simulated. A diffuser is also present in the wheel for flat fielding. The system also features a complex
set of modules for alignment monitoring internal to the telescope simulator as well as alignment to

the science instruments.

SES chamber
(9m x 13m)

LN2 Shroud

GHe shroud

ISIM (inside)

SES
Integration
Fixture

OSIM (inside
local LN2
panels)

Vibration
Isolation
Supports

Fold Mirror3 Tip/Tilt

Gimbal Assembly ’ p— : 1
0SIM Primary Mirror

Alignment Diagnostic Module

Figure 12: Configuration used to test the JWST Integrated Science Instrument Module (ISIM).
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A separate OGSE was developed for payload-level testing and is described in [43], [44] and [45] (Figure
13). The design features a centre of curvature null interferometer for WFE mapping of the primary
mirror, three sub-aperture flat mirrors above the payload for double pass testing, and a source module
located close to the JWST Cassegrain focus. The source module has both up and down-facing sources.
Those pointing towards the instrument modules enabled ‘half-pass’ testing. Other fibres pointed
outward to the secondary mirror enabling ‘pass-and-a-half’ testing of the system. In addition, the
design featured a videogrammetry system for course alignment of the telescope mirror segments. The
combination of the videogrammetry, interferometry of the primary mirror, half-pass, and pass-and-a-
half testing provided all the constraints required for verification of the cryogenic alignment of the
telescope elements, and instruments. However, like Ariel, they note significant 1g aberrations are

seen on-ground meaning performance verification is only possible by comparison to models.

Chamber Vibration Isolator Center of Curvature Optical
Assembly (COCOA)
Multiwavelength interferometer
Null lens

Calibration equipment
Coarsel/fine PM phasing tools
Displacement Measuring
Interferometer

Hanging Configuration

* Down Rods

» Upper Suspension Frame (USF)

» Telescope Tension Rods

« Hardpoint Offloader Support
Structure (HOSS)

3 AutoCollimating Flat Mirrors
(ACFs)

Cryo Position Metrology (CPM) « Piston and Tilt actuation

* 4 photogrammetry (PG)
windmills in warm canisters

« Absolute Distance
Measurement (ADM) on HOSS

« Targets and codes

« Scale Bars

AOS Source Plate and cable
w/ fishing pole support

Space Vehicle Thermal Simulato _ : g
(SVTS) w/ cryo-cooler and 2
electronics

Deep Space Edge Radiation
Sink (DSERS)

Figure 13: JWST payload-level test configuration [41]
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1.3.1.2 Euclid testing

For Euclid, a different payload-level testing approach was adopted. A description of the test flow and
results is reported in [46] & [47]. They performed telescope-level characterisation in ambient
conditions. T-VAC testing was then done on the integrated telescope + instruments. A description of
the OGSE used during the T-VAC campaign is provided in [48] (Figure 14). A 1.3 m collimator was used
to fully illuminate the payload primary mirror. It consisted of an F/2 primary mirror, a hyperbolic
secondary, and a fibre bundle at the focus. The source fibres were actuated in 3 axes so each fibre
could be scanned across the payload FOV. However, to maintain alignment, the OGSE collimator was

kept ambient whilst being subjected to an 80 K radiative environment.

Figure 14: The collimator used during payload-level testing of Euclid [48].

1.3.1.3 Herschel testing

The Herschel space observatory on the other hand, operated in the far IR (55-672 um) leading to a
significantly more relaxed 6 micron WFE requirement. However, cryogenic optical characterisation
remained critical for this mission as it had no refocusing mechanisms in either the telescope or
instruments [49]. Rolo et al. [49] provides a review of the characterisation performed at the telescope
level as well as at the integrated spacecraft level. During telescope-level testing, a double-pass

Hartman filter design was used. This approach used a liquid flat mirror placed in front of the primary
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mirror. This test was performed both at ambient as well as in T-VAC. Moreover, a theodolite and laser
tracker were used to verify the M2 position during T-VAC. During payload-level testing, verification
was primarily performed using a cryo-compatible photogrammetry system. An alignment camera

system was also used to monitor tilts of selected reference surfaces (HACS).

Theodolite Laser tracker

=if=t
5 ,,\.ijkq;fﬂ'\
Bl

\ / ) Thermal
shrouds
-y
—_— Liquid
/' |_| [~ mirrors
Mlh W
shooud

Figure 15: The left figure shows the double-pass Hartman configuration for telescope-level testing. The right
figure shows the photogrammetry configuration used for payload testing. The white arrows indicate the
retroreflective targets attached to the telescope's primary rim (top), the calibration bar (middle), and the

cryostat vessel (bottom). On the left and right of the view are arrows showing the photogrammetry metrology

system support structures [49].

1.4  THE ARIEL OGSE DESIGN

For Ariel, a somewhat different architecture for payload-level testing is required. Due to Ariel’s
extremely narrow FOV (~30”) and stringent WFE requirements (3 micron diffraction limit; R-PRD-
0660), a Herschel-like photogrammetry-based design would not be sufficient (Figure 15 — right). A

design that provides end-to-end testing is, therefore, required.

During phase A, a JWST-like double pass design was considered (Figure 13). However, the double
sampling of the payload WFE would produce unacceptable aberrations at the focal planes. Moreover,
the beamsplitter used to inject the OGSE beam was expected to cause significant ghosts. Because of

this, a single-pass configuration sub-aperture design was adopted [50].
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Unfortunately, due to the longer 8 micron wavelength cut-off of Ariel, an Euclid-like ambient OGSE
(Figure 14) would lead to an unacceptable background in Airs CH1 (see 5.1.1.1). Because of this, Ariel
requires a cryogenic (<70 K) OGSE (see Chapter 5 for further discussion). This introduces significant
challenges for alignment maintenance. This led to the OGSE architecture shown in Figure 16 (See [51]

for further details).

1.4.1 Architecture for payload-level testing of Ariel
Like many OGSE setups (section 1.3.1), the most critical functions are the following:

e Verify the cryogenic optical alignment of the payload
e Verify the functionality of all components

e Verify calibration products derived at sub-system and component level

Illumination module

chamber periscope module Ariel payload OGSE beam expander

Illumination module \ | /

ambient optical bench \ / /

v
|_|_ / CTR trolly
] [ / 4__5r?al-mstr12r

seismic block

Figure 16: OGSE end-to-end architecture

To perform these tests, the Ariel payload will be tested in the 5 m diameter SCT 2 chamber at Ral
Space. The test configuration is shown in Figure 16. A test beam is generated by the OGSE illumination
module which sits outside the main chamber. To redirect the illumination module output to the
payload line of sight, a periscope (Z-fold) is used. The illumination module output, is, however, % the

size of the payload primary mirror. To compensate for this, a four times beam expander is placed
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within the payload on the telescope optical bench. This provides full aperture testing of the common

optics and instruments.

Main
chamber
containing
the payload

lllumination
module
chamber

lllumination
module ligh
sources

Seismic block

Figure 17: The OGSE illumination module integrated at the RAL space facility [51]
The Ariel OGSE, therefore, consists of three modules:

e The illumination module — contains the light sources, reference detectors, an integrating
sphere and expansion optics. This generates a % aperture collimated beam (~30 cm diameter).

e The periscope — a highly adjustable system capable of redirecting the illumination module
output to the payload line of sight.

e The beam expander — sits within the payload and expands the beam by four times to produce

a full-aperture beam in the payload common optics.

In addition to the OGSE modules, critical to the payload level testing is the cryogenic test rig (CTR) [52]
provided by RAL space. The CTR consists of an ambient trolley and a cryogenic 35 K shroud (R-CTR-
0430) [53]. This provides a flight-like radiative environment to enable thermal balance testing as well

as enabling calibration in a representative thermal environment.
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-

Figure 18: The cryogenic test rig (CTR) [54]. Shown with and without the shroud present.

1.4.2 OGSE driving requirements

The OGSE system design is driven by the calibration and performance verification functions it must
perform for the Ariel payload. The calibration requirements document [55] and the payload test
matrix [56] define the measurements that must be made with the OGSE. The required calibration
products were then flowed to the performance requirements of the OGSE. Defining the test methods

and flowing the calibration producers to performance requirements is the subject of Chapter 2.
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Top-level Payload
requirement

OGSE requirement

OGSE Design Implications

Measure molecular
absorption features (e.g. H20)
and detect clouds

Single star viewing —> narrow
payload FOV (30”)

Ability to view stars between
GJ1214 and HD21913

Produce medium-resolution
exoplanet spectra (R>15)

Produce medium-resolution
exoplanet spectra (R>15)

Detect atmospheric features
that are tens of ppm
compared to the star flux

Detect atmospheric features
that are tens of ppm
compared to the star flux

Visible — IR operation (0.5-
7.8 um)

4 arcsec pointing stability

300 times dynamic range in
flux

Wavelength calibration of the
payload

Verification of the payload
spectral resolution/ optical
quality?

Verify the payload’s detectors
are stable to tens of ppm

Verification of the flat field to
enable to correction of
pointing jitter-induced
photometric errors.

Cryogenic (65 K operation)

- Challenging alignment

- Micro vibrations and thermal
drifts become challenging

- Closed loop pointing control

Low f/# source relay optics.

Grating monochromator

- Point source sphere output

- Stringent optical quality
requirements ~100 nm RMS
(with optics at ~65 K)

- Use of reference detectors to

monitor source variability

- mK thermal stability of our
reference detectors.

Use of an integrating sphere to
produce an extended, flat,
output

Table 1: Summary of driving OGSE requirements (1)R-SCI-050, R-SCI-060 (2) R-PERF-180 (3) R-SCI-260, R-SCI-

270 (4) R-SCI-105, R-SCI-100.

The flow down of selected requirements is summarised above in Table 1. These are the requirements

that most stringently influenced the OGSE design. These requirements imply the OGSE must be

% For Ariel, the spectral resolution and the optical quality are closely related as Ariel uses wide slit

spectrometers. This means the PSF size limits the spectral resolution of the instrument channels.
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capable of generating a low WFE (<<200 nm RMS) image of the point source (50 um pinhole). The flux
passing through this small pinhole must be sufficiently large to match the payload's bright stellar
target. Moreover, the low WFE condition must be met after the OGSE optics have cooled from ambient

to V65 K.

The OGSE output beam then must be aligned to the payload’s tiny (~30”’) FOV and remain stable to
within arcseconds on many-hour timescales. This makes the OGSE extremely susceptible to

thermoelastic drifts as well as micro vibrations e.g. from the cold heads.

To enable testing of the payload’s photometric stability, the OGSE has also been designed to monitor
and correct source flux changes to tens of ppm. To achieve this, a series of cryogenic broad-band
reference detectors monitor the OGSE output flux. To reach tens of ppm stability the detectors are

maintained to mK thermal stability.

The OGSE has extremely stringent performance requirements. This thesis will motivate the vast
majority of the OGSE performance requirements as well as provide design solutions to meet these

demanding requirements.

1.4.3 lllumination module

The OGSE architecture that meets these requirements consists of three modules. The illumination
module, the periscope and the beam expander. The illumination module (see Figure 17, Figure 19)
generates the test beam used for the calibration and performance verification of the Ariel payload. To
provide adequate flux over the full 0.5-7.8 um spectral band, the OGSE uses two broad-band light
sources. A Rokide coated button heater that operates at 800 K and a Quartz-Halogen bulb that runs

at 3360 K.
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Figure 19: OGSE illumination module block diagram

For measurement such as the wavelength calibration monochromatic illumination is required. This is
provided by a triple grating Czerny-Turner monochromator. At the monochromator’s input, there are
an additional three light sources: A SiN IR source, a Quartz-Halogen bulb and a mercury calibration

lamp for spectral calibration.

Light from the monochromator as well as the two broad-band sources is relayed into an integrating
sphere. The sphere combines the light from the various sources and allows one of two sphere outputs
to be viewed: A 50 um pinhole or an open port. The open port provides the uniform illumination
required for flat fielding the payload. The integrating sphere also includes reference detectors that
monitor changes in source flux. The sphere output is selected by a flip mirror. Also viewable by this

flip mirror is a cryogenic (~40 K) dark target used for dark testing.
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The optical relay after the sphere is shown in Figure 20. The sphere is imaged by an F/24* parabolic
mirror. There is then a fold mirror that acts as the fine steering mirror. This mirror will be tilted to
provide closed-loop pointing control. There is then an aperture plate that defines the pupil of the
system. The position of this plate ensures that a pupil image lands on M1 (the surface that defines the

pupil in flight).

After the pupil plate, there is a pair of parabolic mirrors that expand the beam from 35.8 mm to
275 mm. At the intermediate focus, there is a wheel mechanism that allows a series of masks to be
placed in the beam e.g. a grid of pinholes that can be used to simulate a dense star field. The design

of the illumination module optics will be discussed further in section 6.2.

4 Elliptical aperture, F/24 is the geometric average of the major and minor directions.
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Figure 20: lllumination module design

Finally, the illumination module features an alignment monitoring system. This is an autocollimator-
based system that simultaneously views two alighment targets. One in the illumination module, and
the other on the payload. Using two detector channels, this alignment monitoring system is capable
of simultaneously tracking changes in decentre and changes in tip/tilt. The design and test of the

alignment monitoring system is detailed in section 6.3.

1.4.4 Periscope module

The output of the illumination module is then injected into the main 5 m test chamber. Unfortunately,
the PLM line of sight does not point towards one of the chamber ports. This is primarily an artefact of
old design but means that an additional OGSE module is required to redirect the incoming beam onto
the payload primary mirror. The periscope also uses smaller (~ 2 inch) mirrors to redirect the

alignment beam onto the payload alignment cube.
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Figure 21: Pericope design [57].

1.4.4.1 The predecessor to the periscope — the target projector

The periscope uses ~30 cm flat mirrors to redirect the test beam. A previous iteration of the periscope,
known as the target projector, expanded a smaller 22 mm illumination module output beam to
produce a 275 mm (1/4 aperture) output. This used a pair of off-axis parabolic mirrors and many (~11)
actuators to align the system and maintain focus during cooldown. The decision to move away from
the target projector concept was primarily due to considerations of the alignment monitoring system.
To constrain all of the degrees of freedom in the design, the alignment monitoring system was

prohibitively complex (see section 6.1).

By modifying the illumination module such that it produces a 275 mm output, the target projector
could be simplified to just become two flat mirrors with no cryogenic actuation. The periscope,

therefore, became the baseline between PDR and CDR.
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1.4.5 The beam expander

The OGSE beam expander [58] is the final module in the OGSE design. It sits within the PLM common
optics during ground testing (Figure 9) and uses a pair of parabolic mirrors to expand the beam from
% sub-aperture to full aperture. This ensures the OGSE produces the correct diffraction-limited spot
size at the focal plane. The need for the beam expander was primarily for programmatic reasons.
During phase A/ B1, there was a need to reduce costs. Because of this, the decision was made to use
a sub-aperture illumination of the payload [50]. Later it was discovered that the payload primary
mirror deformation under 1g was so significant that a full aperture illumination concept would lead to
an unusable spot on the focal plane [59]. Because of this sub-aperture illumination is desirable for

most calibration products.

Kinematic tip-tilt

Telescope exit pupil/

Collimating mirror beam expander input

Imaging mirror

Figure 22: The OGSE beam expander [58].

The lllumination module, periscope, and beam expander, therefore, provide the full set of optical

equipment required for the payload-level calibration of Ariel.

1.5  THESIS OVERVIEW

Ariel will lead to significant advances in the field of exoplanet science and is the driver of the Ariel
design. However, to enable Ariel’s ambitious scientific goals, detailed calibration is also required. The

payload-level calibration of the Ariel is the subject of this thesis. The author has been majorly involved
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in the development of the equipment to achieve this calibration, from the high-level system

architecture down to the detailed design.

In Chapter 2, the payload ground calibration plan will be presented. This was created to define the
methods the OGSE will use to calibrate the payload. These methods, in turn, drove design decisions

within the OGSE system.

In Chapter 3, radiometric modelling work is presented to demonstrate the OGSE is consistent with
simulating the range of stellar targets Ariel plans to view (GJ 1214 to HD 219134). Source designs will
be presented to meet the bright target flux (HD 219134). However, for the monochromator, achieving
an output flux brighter than the faint target proved challenging. This informed several improvements

to optical relays including a reduction in the sphere size.

In Chapter 4, we assess the feasibility of one of the most challenging calibration measurements, the
payload photometric stability test. End-to-end time-domain simulations of this measurement were
produced to assess how various sources of uncertainty will contribute to this measurement. In
particular, constraints were placed on the OGSE reference detector performance. Literature data was
then used to assess the feasibility of detector candidates, as well as determine the thermal sensitivity
of the detectors. A thermal control model will be presented to assess the achievable level of thermal

stability.

In Chapter 5, we consider the OGSE thermal design. End-to-end simulations will be presented to assess
how cold OGSE optics must get to test the payload dark current. FEA models will then be presented
to assess the compliance of the illumination module thermal design. In addition to thermal emission,
thermal stray light may also cause issues for testing the payload dark current. A model will be

presented to assess the impact of thermal stray light from various surfaces within the test facility.

In Chapter 6 we consider the OGSE optical architecture. In particular, we consider, the feasibility of
maintaining alignment of the PDR design over the vast (~210 K) range of operating temperatures. A

trade-off study will be presented to simplify the alignment monitoring systems. This led to a major re-
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design in the illumination module and target projector designs. The optical design for the new
illumination module will be presented, as well as an analysis to demonstrate the design is capable of

the various calibration functions.

In Chapter 6.3, the alignment maintenance system will be presented. This system monitors a pair of
reference surfaces to ensure alignment between the illumination module and the payload. This work
includes the full system development from requirement development, design, through to to build and

test.
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2 THE PAYLOAD GROUND TEST PLAN

To enable the Ariel science goals of characterising 500+ exoplanet atmosphere atmospheres, Ariel’s
performance must be verified on the ground. Moreover, calibration products must be developed to
interpret and detrend Ariel’s observation data. The role of the OGSE is to facilitate the payload level
verification of Ariel’s calibration and performance. The OGSE design is therefore driven by the
calibration measurements it must make. In this section, we define the methods planned to be used to
calibrate the payload. These methods are used to justify the design through the remainder of this

document.

The tests planned at payload level are flowed down from the calibration requirements and the payload
test matrix [55, 60, 61]. The payload calibration team specified the tests that are required to be
conducted at different levels. It was the responsibility of the author to define how payload level
calibration measurements would be made using the OGSE. In this chapter, an overview of the planned
methods will be presented. It will also be highlighted where problems intrinsic to payload level testing
prevent full verification. Full details on the payload test plan, created by the author, can be found in

[62].

A few measurements are uniquely testable at payload level. These include optical ghosts, co-
alignment, and out-of-band stray light>. There are many tests to verify calibration products derived at
instrument level. These include measurements such as the noise performance, flat field, and non-
linearity. The final class of measurements are those that are only available at payload level but are so

compromised by the test conditions that either no verification is possible or only a qualitative sanity

® Out of band stray light is caused by spectral leaks, leading to light other than the design wavelength

arriving at the detector.
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check can be made. These include the payload point spread function, stray light and telescope to focal

plane alignment verification.

2.1.1 Observation modes

The calibration methods discussed in this chapter are enabled by several observing modes and design
features of the OGSE (Figure 20). These OGSE modes are listed in Table 2 along with a non-exhaustive
list of calibration measurements the mode will be used for. The optical/mechanical design to achieve
these modes is outlined in Figure 19 and described in detail in Chapter 6. Further details on the use of

each of these modes will be provided in this chapter for each test.

The modes listed in Table 2 are not mutually exclusive and are, in many cases, used in combination

with other modes listed.
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Mode

Point source
Extended source

Broad band mode

Monochromatic source

Rapid shuttering

Raster scanning

Source monitoring

Source modulation

FGS tracking mode

Closed loop alignment
maintenance

Focal/ pupil masking®

Design feature

50 um pinhole
Open sphere port

QTH and button heater broad-
band sources

Grating monochromator

Voice coil actuated, cryogenic,
beam dump

Fine steering mirror

Reference detectors mounted
on the integrating sphere

Modulators at the source/
sphere input to allow testing
across the full flux range of the
payload.

Short pass filter of the VIS
source to illuminate FGS while
the monochromator scans

Closed loop pointing control
using the fine steering mirror

Filter wheel at the pupil/
intermediate focus

Table 2: OGSE calibration modes

Example applicable test (not
exhaustive)

Point spread function (2.2.15)
Flat field (2.2.11)
Photometric stability (2.2.5)

Wavelength calibration
(2.2.14)

Persistence (2.2.10), dark
current (2.2.8)

Flat field (2.2.11)/ alighment

Photometric stability (2.2.5)
radiometric calibration (2.2.1)

Cross talk (photon noise
limited frames required)
(2.2.16)

Wavelength calibration
(2.2.14)

All

Alignment

In addition to the OGSE calibration modes, the payload readout modes also affect the calibration

measurements that can be made at payload level. The payload uses quantum-well detectors that

accumulate charge with time (Figure 23). The pixel charge is monitored at a fixed cadence through a

series of Non-Distrutive Reads (NDR) (see [63]). After a defined exposure time, the detector is reset

and the process repeats to create a series of star+planet exposures. To reduce the data volume, the

payload decimates the NDRs (the decimation occurs in the Detector Control Unit (DCU)). One possible

® The requirement to have this is still to be confirmed
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decimation method is Correlated Double Sampling (CDS) where the first and last NDR of each exposure

are differenced to predict the slope of the ramp.

The decimated exposures are referred to as Science Frames (SFs) which are sent to the Instrument
Control Unit for compression and storage. This then is converted to telemetry (TLM) for transmission
to Earth. During ground testing, the payload data goes through the same decimation process, which

has implications for certain calibration measurements and will be discussed later.

Exposure Exposure
A

brightness

Reset Reset

Time

v

L DCU NDR processing X SFs > ICU

NDR decimation
I—' TLM

Figure 23: Schematic representation of the Ariel readout and data flow [63, 64]

2.2 PLANNED PAYLOAD-LEVEL TESTS

To motivate the OGSE design, the calibration functions must be defined. Here we will describe the
various calibration measurements the OGSE will make and describe why those calibration

measurements are necessary for exoplanet transit spectroscopy.
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2.2.1 Radiometric calibration

The radiometric calibration provides the wavelength-dependent proportionality constant that relates
the signal measured by the detectors (in digital units) to the spectral power incident on the Ariel

primary mirror in units of e.g. Wum™1.

The radiometric calibration is primarily useful in eclipse retrievals. The measured eclipse flux ratio, ¢,

is given by: (see [65])

Rp\* (F,
= - 2.1
¢ (R*) (F) @D
The radiometric calibration of Ariel gives a direct measurement of the stellar flux E, enabling the

planetary flux, F,, and radius to be Rp retrieved from eclipse spectra.

The radiometric calibration also allows verification of the photometric channel band passes cut-on/

cut-offs.

2.2.1.1 Relative radiometric calibration

The Ariel radiometric calibration will be measured by injecting a known power and measuring the focal
plane response. This is then repeated over the full wavelength range of the payload. To enable this,
the point monochromatic source will be used (see Table 2, Figure 19). In this mode, we see a spot (as
opposed to a spectrum) on all focal planes. By integrating across the focal plane, the total flux arriving
at a focal plane can then be compared to the known power injected into Ariel to give the radiometric

calibration.

The challenging part is knowing the spectral power injected into the payload with an uncertainty
better than 5% (R-CAL-130). Effects such as changes in source temperature and humidity variations
could cause the spectral power injected by the OGSE to not be repeatable to this level. For this reason,

the radiometric calibration is planned to be traced back to calibrated reference detectors within the
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integrating sphere. These reference detectors then measure the monochromator power at the same

time we illuminate the payload.

The reference detectors within the sphere must also then be calibrated. It is planned this will be done
during end-to-end testing of the illumination module (Figure 19). The output of the illumination
module plus periscope will be re-imaged onto a thermal detector with a known spectral response (as
verified by reflectance spectroscopy see [66]). The thermal detector measures the OGSE output power
P,y in e.g. volts. The reference detector measures the sphere radiance Ssppere, also in e.g. volts. By
taking the ratio of the OGSE output power to the sphere detector signal, the sphere detectors can be
calibrated to predict the point source output power for a given measured signal Cpoins =
Pout/Ssphere- This calibration has arbitrary units and thus only provides the relative calibration with

wavelength.

The reflectance spectra of a thermal reference detector act as the ground truth [66]. The sphere
detectors are calibrated relative to the thermal detector and act as secondary calibration standards.
The monochromator is then used to transfer the sphere detector calibration to the payload.
2.2.1.1.1 Beam expander throughput

The reference detection calibration Cp,;y; allows prediction of the OGSE output power, however, the
beam expander within the payload will also impact the radiometric calibration measurement. A
separate test setup (Figure 24) will be required to characterise the spectral throughput of the beam
expander Neyp(4g). By imaging the output of the monochromator onto a thermopile, the output

power of the monochromator can be characterised (Figure 24). The beam expander can then be
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inserted into the optical path’. The signal can then be re-measured by the thermopile. The ratio of
signal with and without the beam expander present gives a direct measurement of the spectral
throughput. The beam expander spectral throughput along with the OGSE output power provides all

the information required to radiometrically calibrate the payload.

Monochromator

Figure 24: Beam expander spectral transmittance characterisation

The spatially integrated (in both x and y) Ariel focal plane signal, E, can be expressed as:

" Assuming the second mirror in the relay is sufficiently oversized to account for the beam expander

magnification.
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A
E(Ao) = Cpoint(A0)Ssprere(A0) X Nexp(Ao) X Narier(Ao) h_z QE(A9)G(4o) (2.2)

Measured Power Beam Ariel’s

focal plane injected expander radiometric

signal (ADU/s) intoM1 (W)  throughput calibration
(ADU/))

Where S, pere (o) is the monochromator power as measured by the sphere reference detector at
the monochromator wavelength Ay . Cpoine is the reference detector calibration 7y, is the
throughput of the beam expander, n4z;5; is the throughput of Ariel to a given focal plane, QE is the
payload detector quantum efficiency, G is the gain of an Ariel detector. R =
nARIEL()lO)% QE(19)G(4y) is the wavelength-dependent proportionality constant between the
input power and the measured signal. This defines the radiometric calibration. The radiometric

calibration (in Arbitrary Digital Units per Joule [ADU/J]), R, is then tested using the following

expression:

E(4o)

R(A) =
0 Cpoint (AO)Ssphere (AO) X T]exp (’10)

(2.3)

For the relative flux calibration, we only require knowledge of the spectral dependence of R with no

constraint on the absolute normalisation.

2.2.1.2 Absolute calibration

The absolute flux calibration is as described in section 2.2.1.1, except we now also care about the
absolute normalisation of R. To get the absolute normalisation of R, we require absolute knowledge

of the OGSE output power (in Wum™1).

To calibrate the absolute output power of the OGSE, the output of the OGSE can be imaged onto a

small, calibrated sphere. Spheres are typically used for absolute power measurements as the power
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measured by directly imaging onto a detector can be highly sensitive to the alignment of the output
beam onto the detector. Spheres are also commercially available with traceable absolute radiometric
calibrations®. No commercial calibrated sphere is known to cover the full Ariel wavelength, therefore,
the OGSE output power will be measured at a small number of wavelengths in the visible and extended
to other wavelengths using the relative calibration described in section 2.2.1.1. In this way, the

absolute OGSE output power can be characterised over the full Ariel wavelength range.

2.2.2 System Figure of Merrit (FoM) (Throughput times QE)

For most of Ariel’s targets, Ariel is designed to be a photon noise limited instrument. The noise floor
is therefore set by the M1 collecting area, the throughput of the optics and the detector QE.
Verification of the FoM (Throughput times QE ) is therefore a partial verification of the payload noise
floor. The FoM maps are also useful for detecting and removing dead pixels which can contribute

excessive noise to science frames.

In many ways, FOM map generation is the same as the radiometric calibration described in section
2.2.1. Both rely on injecting a known power and measuring the focal plane response. However, for
FoM map generation, the goal is to assess the responsivity of each pixel. During the radiometric
calibration the point source is used, creating a spot on the instruments’ (FGS, AIRS) focal planes. Each
pixel, therefore, sees a different signal. To generate the FoM maps uniform illumination of the focal
planes is required. To enable this, a flip mirror will be used to view an extended output of the
integrating sphere (Figure 19). The monochromator will be used to provide the spectral information

of the FOM.

8 e.g. 7N6320A from Newport
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Since the extended source is used, the OGSE absolute power calibration described in 2.2.1.2 is no
longer valid and needs to be adapted slightly for FOM calibration. As before (in 2.2.1.2), to calibrate
the output radiance, the OGSE output is imaged onto a calibration sphere. The calibration sphere
directly measures the output power (W). The geometry of the imaging beam then needs to be known
to convert the measured power to a measured radiance. The geometry can be precisely known using

precision® focal and pupil stops. In this way, the OGSE output radiance can be known.

In the limit where the OGSE line width is narrow compared to the Ariel spectral resolution, the focal

plane signal in each pixel, E,;y, (in ADU/s) can be evaluated using:

A
Epix (Ao) = Cext (AO)Ssphere (Ao)nexp (Ao)MariEL (AO)Apifop h_z QE(A9)G (o) (2.4)

The focal plane signal in each pixel, Ep;y, (in ADUs™1) is the measured quantity. CextSsphere is the
output radiance of the OGSE (Wm™2sr™1), 4, is the wavelength the monochromator is tuned to, Apix
is the effective collecting area of a focal plane pixel, ()¢, is the solid angle subtended by the imaging
collimator at the focal plane, 7.y, is the throughput of the beam expander, 14z, is the throughput
of Ariel to a given focal plane, QF is the quantum efficiency of the payload detectors, G is the gain of

an Ariel detector.

In this way, given knowledge of the payload pixel area and imaging F/#, the payload figure of merit
QE(x,y,Ao)n(Ap)can be evaluated (Also required is knowledge of the detector gain G (4,), this will

be discussed in section 2.2.17). The FoM map then allows the photon noise floor to be quantified.

% <<10% error in area (G-CAL-130)
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The pixel operability condition is defined in terms of the FoOM map (as well as dark current and read
noise criteria), by seeing if pixels fall below a FoM threshold, these pixels can be flagged and discarded

from science operations.

2.2.3 Spectral stray light

Data from FoM/ radiometric testing can also be used to check for any spectral leaks in the payload.
The payload uses a series of dichroics to spectrally separate the light from the telescope to the
different focal planes. The prisms in Airs and FGS are also designed to illuminate each pixel with a
narrow spectral band. Un-expected out-of-band transmission of dichroics can cause wavelengths

other than the design wavelength to reach a detector.

When the payload is illuminated with the pinhole (Figure 19) and the OGSE monochromator, a signal
is expected to be seen in a single spectral bin of the payload. If a signal is seen on other pixels/
detectors this can be attributed to spectral leaks or ghosts in the dichroic design. This is also a check
for capacitive coupling between detector channels. If there is capacitive coupling between detector

wiring, spurious signals can be seen at focal planes other than the one illuminated.

Testing the payload’s out-of-band response does, however, place constraints on the spectral purity of
the OGSE monochromator signal. OS filters will be used to attenuate higher-order ghosts. A FTIR will
then be used to characterise the output of the monochromator to detect artifices in the
monochromator output line shape. Artifacts could be e.g. due to higher diffraction orders, continuum
scattering off the grating as well as the continuum thermal background. Dark frame subtraction will
be necessary to correct for ambient thermal emission during this test (see section 3.5). The

monochromator features a shutter at the input to enable this.
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2.2.4 Spatial stray light

As well as spectral stray light there are spatial stray light effects that require characterisation. There
are three classes of spatial stray light: (1) diffused light from the target under observation (2) scattered

light from an off-axis star and (3) ghosts caused by partial reflections off payload optical elements.

The payload has required sizes for the focal plane spot sizes [67]. By integrating the flux outside this
region, the diffused light can be compared to requirements constraining the diffused stay light. This is

also a partial verification of the mirror surface roughness and particular contamination.

Scattered light verification is only a ‘best effort’ sanity check at payload level. The sub-aperture + beam
expander configuration will likely change the stray light rejection properties of the payload. Because
of this, it is only planned to verify near-field stray light sources (+ 140”’). The OGSE beam is also only
incident on the payload primary mirror. There is, therefore, no assessment of scattering off structural

members such as the payload baffle.

Ghosts, on the other hand, can be fully validated at the payload level. Payload level is also the first
time ghosts can be measured since they depend on partial reflections between the common optics

dichroics and the instruments (see 1.2.2).

2.2.5 Gain drift variation

Ariel’s driving science requirement is to detect atmospheric signals that are tens of ppm relative to
the flux of the host star. Since transit depth measurements are relative measurements ®(t;) — ®(t,),
variations in the measured stellar signal directly correspond to uncertainty in the measured transit
depth. Transits also occur on ~10 hr timescales. This means Ariel must not introduce variations in the

stellar signal at the level of tens of ppm over long ~10 hr timescales (post-detrending).

Variations in the measured stellar signal can be caused by due to additive effects (e.g. dark current,

read noise...), or variability can multiply the stellar signal (e.g. variations in the detector gain,
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vignetting...). Meeting tens of ppm stability is a driving requirement for the payload and verifying this

on ground was assumed to be a driving requirement for the OGSE design.

One class of variability that should be verified is the gain stability of the payload. In this context, gain
drifts are defined to be any drifts that multiplies the signal. The challenge with verifying the gain
stability is that gain variations are, by definition, degenerate with source flux variations. On ground, it
is not possible to produce a source that is stable to the level of tens of ppm (~0.5% is typical).

Therefore, variations in source flux must be monitored and corrected.

The method for verifying the payload gain stability is to perform a long (~10 hr) observation with the
OGSE broad-band sources. The reference detectors on the sphere can then be used to correct for
OGSE source variability. After correcting for source variability, any residual variability can be attributed
to gain/ additive noise variations of the payload. Monitoring and correcting source variability to the
level of tens of ppm over 10 hrs is expected to be extremely challenging. The feasibility of performing

this correction is discussed in Chapter 4.

2.2.6 Additive drifts

In addition to multiplicative effects (gain/vignetting drifts), there are also noise sources that add to
the stellar signal. These include detector read noise, dark current shot noise, thermal background shot

noise etc. These effects must also be verified at payload level.

In all cases additive effects will be verified with the OGSE shuttered, with the payload line of sight
pointed at a cryogenic beam dump. Due to Ariel’s long wavelength (<7.8 um) spectrometers, verifying
payload additive noise sources implies the OGSE must be cooled to less than 70 K. It is the verification
of the additive noise sources that drives the OGSE thermal requirements. In Chapter 5 end-to-end
simulations will be presented to derive the OGSE thermal requirements, as well as analysis to show

the OGSE will get sufficiently cold to test the payload dark current.

There are three classes of additive noise that can be distinguished at payload level:

Page 56



(1) Noise that scales with integration time e.g. dark current shot noise, thermal emission shot
noise etc.

(2) Noise that is independent of integration time and is spatially correlated across the detector
array. E.g. from bias drifts.

(3) Noise that is independent of the integration time and is spatially uncorrelated across the

detector array e.g. read noise.

The scaling of the above noise sources follows the representations in the Ariel noise model [68]:
Var (S) = Npix[Ip€T + (023 + 07 + Npix 02 )Nreaa (2.5)

Where S is the measured signal in e, Np;, is the number of pixels integrated over, I, is the dark
current. Here I is interpreted as a generalised dark current that includes thermally liberated
electrons within the detector as well as dark current caused by thermal emission from both the test
environment and the instrument cavity. € is an observational efficiency that accounts for dead time
during resets. T is the observation time. g%is the read noise variance, o7 is a generalised additive
noise variance (assumed spatially uncorrelated), o is the bias noise variance. 62, 62; & o7 are
defined per pixel, per CDS read (see 2.1.1). The noise scaling defined by equation 2.5 will be used to

distinguish different noise sources.

For CDS noise, it is required to produce noise maps with 5% accuracy (R-CAL-120). The CDS noise is
measured from the standard deviation (o) in a series of dark CDS reads. If N reads are measured, the

uncertainty in the standard deviation is given by:

SE = —21\10—— - (2.6)

Therefore, if we want to measure the CDS read noise with an uncertainty of 5%, we require 401 reads.
The CDS noise will likely also exhibit 1/f properties, with excess noise at long integration times (e.g.
[69]). It is, therefore, desirable to verify the noise over the full range of saturation times between the

bright to the faint target (up to ~1000 s). Due to time constraints, it is likely not possible to make 401
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reads at the longest integration times (~1000 s). Therefore, it is planned to achieve the required 5%
read noise uncertainty at the shortest integration time (10 Hz) and make lower fidelity maps at longer
integration times. It is planned to use logarithmically fewer samples at longer time scales (Table 30).
The resulting uncertainty in the measured read noise is shown in Figure 25. The predicted noise is
shown with 20 e pix* CDS noise (R-PRD-8812), 6 e pix* additive noise (R-PRD-8811) and the shot noise
that results from 0.1 e'pixtes™ dark current (R-PRD-8813). Noise is assumed to be uncorrelated in

time.
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Figure 25: Measured noise vs integration time assuming white noise sources. Also shown is the uncertainty in

measuring the detector noise when using the sampling shown in Table 30.

2.2.7 Bias drifts

It is useful to distinguish between spatially correlated (e.g. bias drifts) and un-correlated noise (e.g.

read noise) since correlated noise can be corrected with reference pixels and non-illuminated pixels.

10 Note these requirements are somewhat more relaxed for AIRS CH1.
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This test allows quantification of the pre-correction bias drifts as well as an assessment of how

effectively correlated drifts can be corrected using off-science/ reference pixels.

To assess the spatial correlation of the noise, the scaling of the noise with the number of pixels can be
investigated. This follows the method planned for detector-level testing. A pair of dark CDS reads will
be subtracted to generate a noise image!®. A region of the detector will then be selected and the noise
in this region of the detector will be summed. The analysis can then be repeated for different-sized

regions on the detector to find the scaling of the noise with the number of pixels.
Ul%dd (N) = O-IgiasN2 + O-rzeadN (2.7)

From this, one can estimate the relative contributions of bias noise and read noise to the dark timeline.
To assess how well bias drifts can be corrected, payload pipeline steps [70]can be applied to the data

(e.g. using off-science pixels, reference pixels, or temperature housekeeping data).

2.2.8 Pixel dark current

The dark current can also be verified from the dark sampling described in Figure 19. The required CDS,
additive noise and dark current (R-PRD-8812, R-PRD-8811, R-PRD-8813) imply a noise of <23 e'pix* for

a 1000 s integration. The dark current is required to be measured with an uncertainty less than the

1 This measurement should be made at a sufficiently fast readout rate such that the read noise
dominates over the dark current shot noise else this would manifest as an additional spatially

uncorrelated term.
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window mean dark current (100 e pix?)!2. Therefore, the dark current verification comes for free when

performing the long (1000 s) ramps during the CDS measurement.

Itis, however, still to be seen how dark the test facility will be. In section 5.3 thermal stray light analysis

will be presented to quantify this effect.

2.2.9 Random telegraph signal

Another contribution to the payload noise budget is the Random Telegraph Signal (RTS). RTS causes
stochastic variations in signal between discrete levels. Such discrete jumps would manifest as
photometric errors in the star/planet signal if not corrected. RTS can be seen as discrete jumps in the
dark time series (see Figure 26). To identify which pixels experience RTS, a detection algorithm must
be created. A Gaussian fitting method (Figure 27) such as the one presented in [71] is preferred as this

allows the different signal levels to be immediately extracted from the fit.
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Figure 26: Examples of different types of RTS found in ROICs (from [72]).

12Except for Airs CH1 where the mean dark current is 1000 e'pix?, with a measurement uncertainty of

41 epix?
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At the time of writing it is not clear if up-the-ramp data will be accessible during payload level testing.
In flight, up-the-ramp data is decimated to produce CDS science frames. It is to be confirmed whether
or not the un-decimated up-the-ramp detector will be accessible during calibration. This test is likely
to be the most strongly impacted if only the decimated CDS frames are available. It will strongly impact
our ability to detect stable-stable transitions such as the one shown in the bottom left quadrant of
Figure 26. If this were decimated, we would only see a spike when the ROIC transitions from the lower
to the upper state and a downward spike when the ROIC transitions back to the lower state. Only
being able to see the spikes will also make extracting the time constants of the traps significantly more

challenging.

Moreover, for a two-level system, CDS decimated data will produce 3 superimposed Gaussians
compared to two when the detector is read up the ramp. One Gaussian will be associated with the
reads where no transition occurs (lower — lower or upper - upper), one Gaussian will be associated
with transitions to the upper state, and one Gaussian will result from de-excitations from the upper
to the lower state. Qualitatitifuly, a two-level system such as the upper left plot in Figure 26 will look
like the three-level system shown in Figure 27. This has two consequences: (1) symmetric 3-level
systems may be hard to distinguish from 2-level systems. (2) The fit developed in [71] will need to be

adapted such that we are fitting pairs of symmetric Gaussians.
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Figure 27: Example of the RTN detection using Gaussian fitting from [71]. This is shown for an RTN signal with 3

energy states.

Page 61



2.2.10 Persistence

Another effect that can cause photometric drifts is persistence. This is of particular concern if Ariel
performs along (e.g. 10 hr) observation of a bright target followed by a faint target. Charge traps could

de-excite during the faint target observation causing a spurious photometric drift.

Persistence is known to depend strongly on both the fluence, but also the soak time (the time before
the detector is reset after being illuminated) [73]. It is therefore important that any persistence

measurement is representative of not only the fluence but also the stare time on a target.

To ensure the measurement is sensitive to all charge traps with time constants within the Ariel
frequency range (R-PRD-0470), each persistence measurement will need to have a stare of ~10hr
followed by an extended dark®®. The time needed to make persistence measurements is therefore not
insignificant. It is for this reason that it is proposed to use the OGSE broad-band light sources to
illuminate all channels simultaneously. This means that during the payload level persistence check,
the fluence will not be the same for all pixels. However, the broad-band illumination will enable the

full illumination of the focal plane arrays.

The worst-case persistence measurement, to represent a change in stellar target, would be to
illuminate the pixels for ~10 hrs in the OGSE bright modes whilst the detectors are read out in the CDS
mode (as they would be during science operations) followed by a dark observation. This would

resemble the MCT persistence measurements made by Tulloch et al [73] shown in Figure 28 below.

13 Until the persistence signal reached below 1% of the faint target
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Up-the-ramp exposure sequence, 40 x 600s exposures
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Figure 28 Comparison of the persistence model with an actual series of 40 up-the-ramp exposures of 600 s to a
level of 75 ke™. Data taken with ERIS 5.3-um detector. This test probed the model behaviour in a regime where

very long-time constant traps contained significant charge. Figure from [73].

After shuttering the sources, the persistence drift will be observed. The correction, CAL_PERSIST
(derived at lower-level testing), can be applied to the data. The residual variability can then be
compared to 1% of the faint target. This checks that the CAL_PERSIST derived at lower levels can

correct persistence to the required level.

For the OGSE, the key implication of the persistence measurement is the need to shutter the output
on a timescale short compared to the focal plane integration time. This is challenging with the piezo
actuators typically used at cryogenic conditions. To achieve this, a cryogenic voice coil actuator-based

shutter mechanism was developed and is discussed in section 6.2.4.1.

2.2.11 Jitter susceptibility / Flat field

Jitter susceptibility is the final part of the noise budget to be verified at payload level. For Ariel, the
primary reason for flat fielding is to reduce the impact of pointing jitter. The flat field and jitter
susceptibility calibrations are, therefore, grouped. Pointing jitter is of concern if it leads to photometric
variability in stellar signal at the level of tens of ppm. Pointing jitter does not, by itself, cause

photometric variations. However, photometric variations can be introduced if the pointing jitter
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causes vignetting or causes the spot to move onto pixels that are more or less sensitive. The role of
the flat field is therefore to remove pointing correlated photometric variations. Two methods are
planned for this (1) rastering a spot over the focal plane to directly measure pointing dependent flux
variations and (2) uniformly illuminating the focal plane to measure the flat field response of the

payload.

2.2.11.1 Intensity as a function of pointing

The baseline method for doing the flat field is to measure the focal plane intensity as a function of
pointing. This method of extracting the underlying flat field from the intensity as a function of pointing
is expected to closely resemble the methods for flat fielding done in-flight, further details of which

can be found in [74] and references therein.

2.2.11.2 Extended source

The OGSE also plans to produce flat illumination of the focal planes. This follows the flat field method
typically done at detector level [75]. Producing flat illumination at payload level is, however,
complicated by the payload prisms. If the OGSE illuminated the payload with a broad-band source a
spectrum would be seen at the focal plane — not a flat illumination. To produce flat illumination, the
monochromator can be used. When the monochromator and the extended source are used a top-hat

intensity distribution can be generated at the focal plane (simulations of this are presented in 3.4.3.2).

The top hat is centred on the nominal wavelength solution of the monochromator output wavelength.
A flat field over this illuminated region can then be extracted. The top-hat extent is, however, limited
by the size of the spectrometer slit and does not allow the full focal plane to be flat fielded at once.
Therefore, only local flat fields can be generated using this method. By scanning the monochromator,
the top hat can be shifted along the spectral direction to allow other parts of the detector to be flat-

fielded (see Figure 44).
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2.2.12 Pixel linearity correction and saturation

Ariel will use MCT detectors at its focal planes. These do, however, exhibit a non-linear flux
dependence. This means that the rate of increase of the measured signal depends on the number of
electrons that have been released since the last reset. The cause of this non-linearity is that the
capacitance between the p-n junctions of the detector is dependent on the bias voltage (which

increases during an integration). Further details on the theory behind this effect can be found in [76].

The consequence for science is to introduce a flux-dependent systematic, leading to uncertainty in the
measured transit depth. However, [77] demonstrated that non-linearities will have a negligible effect
on the spectra if non-linearities are corrected to a few per cent. For this reason, the OGSE is required

to verify the payload non-linearity to better than 1% (R-CAL-040).

To sample the full pixel well depth without saturating any part of the detector it will be necessary to
do this measurement using the OGSE monochromatic source. When the monochromator is operated
with the extended sphere output a top-hat intensity distribution is seen at the focal planes (Figure
44). If this were done with the OGSE broad-band light source, pixels close to the OGSE source black

body peak would saturate before others reached close (™~ factor of 2) of their full well depth.

The typical method for measuring non-linearity is to observe it directly in the detector ramps (e.g.
[78]). However, at the time of writing it is not clear if up the ramp data will be available due to
decimation in the DCU. If available, up-the-ramp voltages can be used to directly observe non-
linearity. Any curvature in the ramp can be used to derive a non-linearity correction. Source flux
variation could also impact this measurement, however, at the level of 1% (R-CAL-040), this should

not be an issue. If required, the OGSE reference detectors can be used to correct source changes.

If up the ramp data is not available plane integration times can be varied (e.g. [79]). By plotting the
measured signal vs integration time and applying a polynomial fit a non-linearity correction curve can

be derived.
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The saturation thresholds are then immediately obtained from the non-linearity curves. For Ariel,
saturation is defined as the signal (in ADU) where a pixel’s linearity deviates by more than 5%. The
saturation thresholds allow verification of the pixels’ full well depth. Saturation data will also be used

in the pipeline to flag saturated pixels.

2.2.13 Relative Pointing offset

To verify the co-alignment of the instrument channels, spot centroids will be measured. R-CAL-110
requires the OGSE to verify the co-alignment of instrument channels to 1/10%™ pix. To centroid in the
spectral direction to 0.1 pix, it will be useful to produce a spot as opposed to a spectrum on all focal
planes as the centroid of a spectrum will depend on the SED shape, knowledge of which may limit the
precision of the measurement. The use of the monochromatic source to produce spots that can be

centroided is therefore preferred.

Pointing stability is, however, a significant concern for the co-alighment measurements. In VISPhot
(the focal plane with the largest f#), 1/10%" pix corresponds to 40 mas at M1. A method that involved
illuminating one channel, measuring the centroid, followed by another channel would require the
OGSE test beam to remain stable to ~40 mas. This would imply sub-micron positional stability across
the different modules — likely impossible. Therefore, a method that provides a spot on each channel

simultaneously is likely critical to achieve this level of co-alignment.

The method of achieving simultaneous, pairwise, illumination of focal planes (and hence the

coalignment) is different for the spectroscopic and the photometric planes:

e To measure the coalignment of the spectroscopic channels, we intend to use the spectral
overlap between the spectroscopic channels defined in R-PRD-0400. This guarantees spectral
overlap between 1.75 to 2.10 um between the NIRSspec and AIRS CHO and overlap from 3.65

to 4.00 um between AIRS CHO and AIRS CH1 (see [80]).
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e To measure the coalignment of the photometric channels the broad-band VIS source can be
used to produce spots on all the photometers.

e To measure the coalighment between the photometric channels and the spectroscopic
channels, the VIS source can be short-pass filtered to produce a spot on VISPhot whilst the

monochromator produces a spot on AIRS CHO.

By enabling simultaneous illumination, the pointing stability concern is mitigated by design.

For all focal planes, the centre of the field of view must be defined. This can either be defined by a
central pixel index, or by rastering the OGSE source until it vignettes at the edge of the FOV (e.g. on
the spectrometer slits). Once the OGSE spot is centred with respect to one channel, the simultaneous
illumination methods described above can be used to generate a spot on a second focal plane. The

centroid of the spots can then be measured to determine the alignment offset between channels.

It is also planned to verify the co-alignment as a function of temperature. This will be tested by
ramping the PIP simulator temperature between the warm and cold interface temperature limits (243-

293K; R-CTR-0360 [81]).

2.2.14 Wavelength calibration

During science operations, the observable quantity is the flux landing on each focal plane pixel. To
enable comparison of the measured spectra to compositional spectral libraries, a mapping must be

created that defines the wavelength solution of each pixel.

To perform the wavelength calibration the OGSE monochromator will be used (Figure 19). The
monochromator takes 3 sources as an input. A mercury lamp to initially calibrate the monochromator
and two broad-band sources that will provide continuous coverage over the full Ariel wavelength
range. The mercury lamp provides spectral emission lines at known wavelengths. However, these lines

only extend out to 600 nm, to calibrate beyond this in the IR, higher diffraction orders can be used.
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These emission lines will be used to calibrate the turret angle as a function of output wavelength.

Once the turret is calibrated, the broad-band inputs will be used to illuminate Ariel.

The wavelength calibration of the payload is made by measuring the position of the spot when the
payload is illuminated by a source of known wavelength. The spot position can be measured to sub-

pixel accuracy by centroiding the PSF.

As with the co-alignment, pointing drifts pose a challenge when measuring a series of spot centroids.
Ariel uses spectrometer slits that are large compared to the PSF of the star. This means the wavelength
solution depends on the pointing of the payload. Achieving sub-arcsecond pointing stability during the
wavelength calibration is expected to be extremely challenging and likely is not possible. To help
detrend any pointing variations during the wavelength calibration, the OGSE VIS broad-band source
can be run with a short pass filter (~1 um cut-off) that enables VISphot to monitor pointing variations
simultaneously to the monochromator spectral scanning operation. The mechanism to achieve this

filtering is described in section 6.2.4.3.

The OGSE can also be raster scanned to verify any spatial dependence of the wavelength solution

(smile/keystone characterisation).

2.2.15 Spectral Resolutions/point spread function

To enable the detection of molecular features in exoplanets atmospheres, the payload is required to
have a spectral resolution between R>15 to R>100 across the spectroscopic channels (PRD-0425, PRD-
0421). The payload uses spectrometer slits that are large compared to the PSF of the star meaning the

spectrometers are essentially slitless. Because of this, the spectral resolution of the detectors is limited
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by the PSF size. By illuminating the payload with the point monochromatic source the spot size can be

measured. In the spectral direction, the spot size is a direct measurement of the spectral resolution®.

This test is, however, significantly impacted by the payload level test configuration. This test is likely

only useful as a qualitative verification with the sub-aperture OGSE. This is for four reasons:

1) The sub-aperture OGSE will under-sample the Ariel WFE so will provide a non-conservative
assessment of the PSF/ spectral resolution.

2) During payload level testing the payload line of sight is almost horizontal. Under these
conditions, the 1g-induced aberrations on the payload primary mirror dominate the PSF.

3) Every effort will be made to verify the OGSE spot size in cryogenic conditions. This is, however,
an extremely challenging verification. The achievable precision is still to be confirmed. In the
event a non-compliant PSF is seen, it may not be clear if this is a payload or OGSE effect.

4) The sub-aperture/ beam expander means any vignetting-induced aberrations may not be

seen.

2.2.15.1 FGS centroiding

Payload level teasing would also be the ideal time to verify the FGS centroiding performance. In
particular, verifying the centroiding performance on the Ariel PSF. However, as noted, the PSF will be
significantly different on ground vs in flight. Therefore, to validate the FGS centroiding algorithm, a
series of masks could be placed at the OGSE pupil/ intermediate focus to change the spot shape. The

centroiding consistency between the FGS channels will then be assessed for each PSFs.

14 The OGSE source will have a spectral resolution >2x the payload spectral resolution to minimise

spectral broadening caused by the non-zero OGSE spectral width.
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2.2.16 Crosstalk

In addition to optical aberrations, crosstalk can also cause broadening of the observed spot. The
method presented here follows that presented in [82]. The method requires faint, photon noise
limited, illumination of the focal planes. The plan is to look for spatial correlations in the photon noise.
In the absence of any cross-talk, any photon noise should be spatially un-correlated, when cross-talk
is present the capacitive coupling between pixels causes a spatial smoothing of the photon noise. This
spatial smoothing can be seen by measuring the autocorrelation of the detector when illuminated

using a diffuse source in the photon noise-limited regime.

hlx,y] = F~* (2.8)

F{Rplx, JSUplX, Y1y }
20%
h is the cross-talk response function, R, is the autocorrelation of the photon noise frame D. The

photon noise frame, D is the difference between two focal plane images. o7 is the variance of the

photon noise which should be calculated using:

1
=5 Folij] (29)
L]

As an additional check, hot pixels can be used to verify cross-talk. Crosstalk would cause signal in hot

pixels to couple to neighbouring pixels. This can be directly measured with payload dark frames.

When the extended source is used, the focal plane flux is greatly increased (~100x see 3.4.3.1).
However, this test requires faint, photon noise-limited frames. The OGSE source is expected to be
stable to ~0.5%. We therefore must ensure that the photon noise floor is larger ~0.5%. The fluence,
therefore, needs to be less than ~4 x 10* electrons per read. The implications of this are discussed in

3.4.3.1.
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2.2.17 Pixel gain

The method planned to derive the cross-talk maps also immediately provides the detector gain. The
detector gain will likely not form a part of the payload data retrieval pipeline. It is however a useful
parameter in determining spectra error bars since it allows the photon noise floor to be predicted
from the measured signal. The gain allows the measured signal (in ADU) to be related to the number
of photons detected by the MCT. The number of detected photons allows quantification of the photon
noise. Therefore, the detector gain allows the measured signal to be related to the measurement noise

floor.

The method described in 2.2.16 allows the photon noise, oy, to be directly calculated. Since photon
detection is a Poissonian process, the number of detected photons can be calculated from the noise
variance. The ratio of the measured signal (in ADU) to the number of detected photons gives the

amplification gain in ADU/e".

Using the method described in 2.2.16 to evaluate the detector gain avoids a common source of error.
[82] highlights the impact of crosstalk on gain measurements. Capacitive cross-talk leads to a spatial
smoothing of the photon noise, leading to a reduction in the measured photon noise. This leads to an
overestimate of the gain. An e.g. 1% crosstalk would lead to a 4% noise attenuation and result in an

8% overestimate in the gain per pixel.

2.3 CONCLUSIONS

In this chapter, the plan for payload-level calibration was defined. These calibration tests act as the
top-level performance requirements of the OGSE. In the vast majority of cases, complete verification
of instrument-level calibration produces can be derived. In some cases, quantities only measurable at
payload level are obtained such as the end-to-end radiometric calibration, instrument co-alignment
and ghost verification. In other cases, limitations of the payload level test setup limits meaningful

verification. This includes the telescope to focal plane alignment, PSF and out-of-field stray light.

Page 71



Testing of these quantities would only be feasible with a vertically orientated payload, a full aperture

OGSE and no beam expander. Programmatic constraints prevent such a design.

The tests and methods described here have many design implications for the OGSE. The implications
of the calibration measurements and methods will be explored in subsequent chapters. In Chapter 3
end-to-end radiometric simulations will be presented to simulate illumination conditions during
calibration measurements. In Chapter 4 the implications for the gain stability test will be discussed. In
Chapter 5, the requirement to verify the payload dark current will be used to determine the OGSE
thermal requirements and design. Chapter 6 presents the optical design necessary to perform these

measurements.
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3 MEETING THE PAYLOAD FLUX REQUIRMENTS

Ariel is designed to view all stellar targets with fluxes between HD 219134 and GJ 1214. The Ariel OGSE
must be able to test the instrument across this flux range. Achieving these bright fluxes through a 50

um pinhole®® has many consequences for the illumination module design which will be explored here.

In this chapter, | will show how fluxes for the Ariel stellar targets were flown down requirements on
the source relays. Designs of these relays will be presented. To assess the performance of these
designs, a monochromator radiometric model was created. This model includes effects such as out-
of-band radiation. The output of the OGSE model was then combined with the payload end-to-end

simulator to predict the focal plane signals during ground calibration.

It will be shown that the monochromator flux was non-compliant compared to Ariel’s faintest target
(GJ 1214). Because of this, it is desirable to reduce the sphere size from 30 cm to 15 cm. However, this
has implications for the flat fielding performance of the OGSE. A tradeoff will be presented that

balances the output flux against the output uniformity.

The work presented in the chapter summaries work created for multiple documents. The requirement
derivation and optical design is reported in the OGSE design description and OGSE requirements
document ([51, 83]). The sphere radius tradeoff is reported in [84]. The monochromator radiometric

model is in preparation and will be reported in [85].

15 A 50um pinhole is required to ensure the image of the pinhole is small compared to the telescope

point spread function.
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3.1  THE BRIGHT AND FAINT STELLAR TARGETS

The goal of this analysis is to determine the OGSE source power required to test the payload. To
determine the required OGSE source power, the stellar targets must be flowed to a requirement on
the OGSE optics. It is not practical to generate a spectral flux that matches that of a star on ground. A
QTH bulb, for example, produces a colour temperature close to HD 219134 in the visible, however,
the silica glass bulb is opaque in the IR. Therefore, it is necessary to use two light sources: One in the
visible and a second source in the IR. Each source will produce the correct band-averaged flux but will
not match the spectral shape of the star (see Figure 29). To cover the full wavelength range of the
payload the IR source is designed to cover 1.95 um-7.8-um. The VIS source is designed to cover 1.95-

0.5 um. These match the Airs and FGS bands respectively.
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Figure 29: OGSE spectral power in the bright (left) and faint (right) observing modes.

The flux requirements are most stringent for the pinhole point source (Figure 19), so the point source
will be focused on here. The flux from the extended source is described in section 3.4.3. Light leaving
the sphere through the 50 um pinhole is collimated by a parabolic mirror with an elliptical aperture.
The mirror has an F/# of 19.57 and 29.43 in the major and minor directions respectively. We require
the power collected by this mirror to match the power collected by Ariel when viewing a target star.

Quantitatively, this can be written as (also accounting for the throughput of the OGSE):
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Ay Az
Apinﬂcol f 77sprLsphered/1 = AMlgstar f B(TStar: /1)d/1 (3-1)
A

1 A1
Apin, is the area of the pinhole at the output of the integrating sphere, (1., is the corresponding solid
angle of the collimator that views the sphere output, 75, is the optical efficiency of the sphere to
Ariel relay optics (plus the beam expander), Lgppere is the sphere radiance, B(Ts¢qr,A) is the black

body radiance of a star of temperature Tg;4,-- The right-hand side is the stellar flux (W).
Given knowledge of the sphere reflectivity, p, port fraction, f and the sphere surface area, the

required sphere radiance can be used to determine the required injected source power ®; (see [86]).

L __ % p
sphere TAsphere 1 — p(1—f)

(3.2)

Equation 3.1 determines the required sphere radiance for a given stellar target. Inturn, 3.2 determines
the sphere input power required to meet that sphere radiance. The final step is to define the input

power in terms of the fundamental properties of the source:

D; = Nsor&source B(Tsources A) AsQs (3.3)

Where A; is the source emitting area and (1; is the corresponding solid angle at the source, €55yrce iS
the emissivity of the source. The factor of 14, accounts for any optical losses between the source and

the sphere.

Combining equations 3.1, 3.2 & 3.3 yields the following expression:

Az AZ
nsor‘ssourceB(Tsourcev A) AsQ)s p f

Apinfd dd = Ay Q BB (Tstqr,A)dA (3.4
pin=&col -Ll Nspr T[Asphere 1 —p(l _f) M1%4star N ( Star ) ( )

If we make the simplifying assumption that the source emissivity, the mirror throughput, and the
sphere reflectivity are independent of the wavelength over the spectral band of interest (0.5-7.8 um),

then the following figure of merit (FOMg,,ce) can be defined for the sources:

A
TTAsphereAm1Qstar ,112 B(Tstar, A)dA 1 — p(1—f)
FOMsource = Nsor€sourceAsfls = (3.5)

A
Apicholnspr f,112 B(Tsource: /1) da P
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Using equation 3.5, the source figure of merit FOM,,,,-coCan be calculated. This, however, depends
on the source temperature. The VIS source is being delivered by the Lisbon team. They plan to use a
QTH bulb with a colour temperature of 3360 K. For the IR source, it is planned to use a blackbody
heater (see section 3.1.1). The temperature of which is free to tune. To minimise the dynamic range
across the focal planes, 800 K was nominally selected as the source temperature as it delivers the

maximally flat spectrum across the AIRS wavelength range (Figure 29).

All remaining parameters on the right side of equation 3.5 are constrained by other considerations.
Agphere 1s constrained by output uniformity considerations. The product Ay Q¢ is constrained by
image radius requirements. In this way, the requirement on the source figure of merit was defined

(Table 3).

Three things are apparent from Table 3: (1) the large (10~%) etendue requirement implies low F/#
optics will be required to meet the bright target case (especially for the IR source) and (2) a large
dynamic range of fluxes are required to modulate down to the faint target case (114 times for the IR
source and 311 times for the VIS source). Finally, the bright VIS mode produces a significant thermal
load on the sphere/ optical bench (~2.4 W). At the time of SRR, it was planned that the optical bench
would be radiatively cooled. This was to minimise the micro vibrational coupling between the cold
head and the optical bench. However, to dissipate the load from the VIS source alone, the radiator
would have to be >3 m?. The thermal design of the illumination module is discussed further in section

5.2.
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Observing mode Integrated sphere  [Figure of merit Thermal loading on
radiance (Wm2srl) [Source relay etendue [the sphere (W)
times throughput
times source
emissivity) (m?sr)

Faint IR 0.0847 3.89 x 10”7 0.0029
Faint VIS 0.230 3.39 x 10° 0.0078
Bright IR 9.69 .47 x 10° 0.33
Bright VIS 71.5 1.05 x 10°® 2.42

Table 3: Sphere radiance integrated across the source spectral band (7.8-1.95um or 1.95-0.5um), source figure

of merit and source thermal load.

3.1.1 IR source design

The IR source is based around an Al,Os button heater. This uses heritage from the HIRLDS calibration
facility[87]. The button heater is a 1-inch diameter thermal emitter with a surface temperature of up
to 1200 degrees. The design presented in this chapter is the evolution of the original preliminary
design prepared by Rory Evans [51]. The design at PDR had the button heater in the vacuum chamber
and a single ellipsoidal mirror that relays the button heater light directly to a light pipe at the entrance
of the sphere (Figure 30— left). At CDR the button heater was moved outside the chamber and a pair
of parabolic mirrors were used to relay the button heater light into the light pipe (Figure 30— right).
The main reason for the design update was to simplify the design. The PDR concept required multiple
temperature zones in the vacuum chamber (ambient and 70 K optical benches), liquid cooling of the
source as well as a custom vacuum-compatible aperture/shutter mechanism. Moving the source
outside the chamber greatly simplifies the thermal design as well as enabling off-the-shelf optics &

mechanisms to be used.

The original reason for having an IR source close to the sphere is the need for a high etendue relay.
The goal of the re-design is therefore to provide a simplified design that delivers comparable

throughput.
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Figure 30: IR source design. Left shows the design proposed at PDR (light pipe not shown) [51]. Right shows the

design prepared in advance of CDR.

A non-sequential model was created using the Zemax™ optical design and modelling software to
assess the geometric throughput of this updated design (Figure 30 — right). The simulation used 10’
photons which were isotropically emitted from the surface of the IR button heater over the full  sr
hemisphere and across the full 1 inch aperture. Six percent of these photons arrive at the output of

the light guide. This gives an effective etendue of the source of 9 X 10~° m?sr.

The old design (Figure 30- left) stopped the source down to 10 mm and transmitted light within an F/1
cone with negligible vignetting. Giving a source etendue of 5.34 X 10~>m?sr. The updated design, at
first glance, produces a approximately two times increase in throughput. The throughput increase is
largely due to the 1.5 times magnification factor introduced by the two parabolic mirrors. This enables
the full 1-inch source to be mapped onto the 15 mm light guide. A factor of two margin was held with
the old design in the form of the stop size. The stop in the old design could be increased from 10 mm
to a maximum of 15 mm to deliver similar throughput to the new design. Therefore, the updated
design produces a very similar throughput to the old ellipsoidal design enabling the same performance

with considerable simplification.
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Figure 31: Image at the input of the light guide (Axes in mm)

The updated relay etendue (9 x 10~> m?sr ) is compatible with the figure of merit defined in Table 3,
however, the output power also depends on the source emissivity and the throughput. Literature data
for the emissivity of the Al,Os coating can be found in [88]. They show the emissivity is only ~0.5 at
800 K. Further losses are expected due to flux absorption/ scattering at the mirrors/light guide surface.
Conservatively we assume 95% throughput per reflection off the gold mirror surface. The ray trace of
the updated relay design (Figure 30 - Right) shows that typically ~6 reflections are required before
light enters the sphere giving a total throughput of 0.74. Further losses are expected due to the
chamber window. Calcium fluoride was chosen due to excellent (95%) transmittance out to 8 microns

and low water solubility [89].

Combining all losses indicates a total source figure of merit of 3.2 X 10™> m?2sr. This is marginally
lower than the required 4.47 x 10> m? sr. However, the requirement calculations were performed
assuming an 800 K source. The source temperature can be increased to 1200 K, giving five times

margin in flux. Therefore, it will be possible to simulate the bright target flux with this design.

A design based on an Al,03 button heater, two parabolic mirrors (Figure 30- Right) and a calcium
fluoride window therefore is expected to meet the IR flux requirements with a considerable margin.

This is achieved without the need for an additional vacuum-compatible mechanism, multiple
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temperature zones in the chamber, and water cooling. This IR source design is, therefore, used for

CDR.

3.1.2 VIS source relay

The throughput requirements derived in section 3.1 were also a driver for the VIS source relay. Before
SRR the baseline VIS source was a 600-micron core fibre. The etendue of such a fibre would be ~29
times lower than would be needed to simulate the bright target. Because of this, the next simplest
option of a 6.4 mm diameter solid core glass light pipe was used. This, however, presented challenges

with the motion required between the chamber and the optical bench.

The need for motion between the optical bench and the chamber is driven by the need to
accommodate misalignment of the CTR trolley (Figure 18) as well as changes in alignment during
cooldown. To accommodate this misalignment, the optical bench can be translated with respect to
the chamber by + 2 cm. Because of this motion between the optical bench and the chamber?®, there
was no practical way of implementing a light pipe feedthrough. Therefore, a mirrored relay was
proposed that used two Off-Axis Parabolic mirrors (OAPs) to re-image the VIS source output onto the
input of the sphere. The OAPs are accommodated on the ambient bench and inject a converging beam
through the chamber window. This design is shown in Figure 20. There were two constraints that this

relay must meet:

e Generate an image of the filament that is smaller than 1.5 cm in diameter (the light guide
input size)

e Have a focal length greater than ~15 cm. This leaves a ~10 cm gap between the ambient
optical bench and the shroud.

16 1n addition to the adjustability considerations, the optical bench can not be fixed with respect to the

chamber for vibration isolation reasons. This is discussed further in section 5.2.1.2.
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Reducing the F-number of the imaging OAP will reduce the image size, however, the focal length of
the imaging OAP needs to be sufficiently large to accommodate the chamber wall and window (~15
cm). The combination of the long (~15 cm) focal length and the low F/# (~1.5) implies we need 100
mm diameter mirrors to satisfy both of these constraints. The use of 100 mm parabolic mirrors'’ to
relay the VIS source into the chamber is the baseline in the run-up to CDR, currently planned for March

2024.

3.2 MONOCHROMATOR RADIOMETRIC MODEL

In addition to the broad-band sources, the OGSE design also features a monochromator for the

wavelength calibration of the payload.

3.2.1 Monochromator design

It is planned that the OGSE will use a commercially available triple grating monochromator TMc300
from Bentham Instruments (Figure 32). At the entrance to the monochromator, there will be three
light sources: A Quartz-Halogen bulb in the visible (>0.5 pum) and a SiN infrared source for use at
wavelengths up to 7.8 um. The transition between these sources is a free parameter to be optimised

in this analysis. Both the SiN lamp and the quartz-halogen lamp have continuous spectra.

A mercury calibration lamp will also be used for wavelength calibration of the monochromator. The
Hg lamp will only be used for internal OGSE wavelength calibration and not to illuminate the payload

so is not discussed further in this modelling.

17 Part no. 36-602 from Edmund optics.
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Figure 32. Bentham TM300 triple grating monochromator [Ref: Bentham, private communications]. The

grating normal is shown by a dashed line.

The TMc300 monochromator can accommodate up to 3 gratings. The gratings must cover the spectral
range of 0.5-7.8 um. Whilst this is not formally defined in requirements, we also aim to choose these
gratings to allow some out-of-band testing capacity. To attenuate higher diffraction orders, the light

passes through an order sorting filter before being dispersed by the grating.

In this section, it will be described how the optical design evolved from the SRR baseline. At SRR, the
baseline design was a fixed slit monochromator which fed light into a 30 cm Infragold-coated sphere.
The monochromator had two gratings18 one blazed at 1.2 um, the other blazed at 3 um. To assess the
feasibility of achieving the flux requirements with the SRR design a simplified analytical model of the

monochromator was created.

18 T306R1U2 and T3015R3U0 from Bentham.
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3.2.2 Analytical model

The monochromator output flux is required to be between the bright and faint stellar targets (HD
219134 and GJ 1214). This ensures that the flux seen by the detectors is representative of flight
conditions, preventing any special ground test readout modes. Meeting the flux requirements for the
stellar targets also ensures the calibration products can be measured to the required signal-to-noise
in a time consistent with the stringent calibration schedule (~15 days). The analysis to simulate the

calibration product generation with the OGSE is presented in [62].

To find the power leaving the monochromator we need to know the etendue of the monochromator.
The etendue is determined by the slit width of the monochromator. This slit width is determined by

the spectral resolution requirement.

To find the required slit width, the linear dispersion can be used. For a Czerny-Turner monochromator

(such as the TMc300), the dispersion is given by:

dx  knf
dl  cosfB

(3.6)

Where k is the diffraction order (operation in the first order assumed), n is the groove density, f is
the exit focal length of the monochromator, § is the diffraction angle relative to the grating normal.
For now, we make a small angle approximation that the diffraction angle is constant and equal to half
the sum of the incident and reflected angle (D,,/2; further discussion in section 3.4). To ensure Nyquist

sampling of a spectral resolution payload spectral resolution R, the slit width was set using:

knf A

= 3.7
WSllt COSﬁ 2R ( )

It was found that the narrowest slit width was required at 2.3 microns (see Figure 33). Therefore, this

fixed slit width was then used at all wavelengths.
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In addition to the fixed slit case, a variable slit design was also considered. In this case, the slit is

opened at wavelengths where the spectral resolution is less stringent. Nyquist sampling of the

. . . . . A
required spectral resolution gives a variable spectral width of A1 = T

The power leaving an ideal monochromator is then evaluated using?®:

Pideal = Lsourcehslitwslit QmonoA/1 (3-8)

Where A1 is evaluated using the dispersion relation (equation 3.6) and the known slit width (either
constant or variable with wavelength); Q;,,,n0 is the solid angle of the collimator that views the output

of the monochromator (F/4), hg;; is the height of the slit.

The power that enters the integrating sphere is the ideal monochromator flux modulated by the
grating efficiency and optical losses before the spherei.e. P, = PigeqiNpre- Where 1y, is the spectral
throughput of all the optics before the sphere — lens, mirrors, order sorting filter, grating, chamber

window & light guide.

By combining equations 3.7 and 3.8 the sphere input power, P;,, can be calculated. Evaluation of the

sphere radiance and propagation to the payload was calculated the same way as the broad-band

19 Strictly, at this point we should be integrating the monochromator line shape function with respect
to wavelength. However, the line shape function depends on the input and output slit dimensions as
well as the internal PSF of the monochromator. This assumption is refined in section 3.4 with the

numerical model that predicts the wavelength dependent line shape function.
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sources (section 3.1) and uses variants of equation 3.1 and equation 3.2. In the variable slit case, the

M1 equivalent input power® is given by:

knf A A
Lsource hslit ﬁ ﬁ Qmono ﬁ Npre p

T 4nrszphere 1- p(l - fport)

Py, = Apicholnrelaynexp (3.9)

At this stage, we have an estimate for the monochromator power injected into M1 for each line centre
wavelength. By design, the monochromator spectrum is narrow compared to the Ariel spectral bins.
For comparison, we evaluate the power collected by M1 when viewing the bright and faint targets.

This stellar radiance is then binned to the spectral resolution of the payload. This is evaluated using:

A
Py1 = LstarAm1Qstar m (3.10)

In this way, the monochromator power can be compared to the power in the corresponding spectral
bin when the payload views the bright and faint targets. The bright and faint targets, along with the

monochromator power are plotted in Figure 33.

20 The M1 equivalent power is defined to be the power injected into M1 multiplied by the beam

expander throughput.
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3.2.2.1 Monochromator analytical model results

Comparison of stalar targets and OGSE flux for the OGSE spectroscopic source

—— OGSE neminal configuration
] L —— OGSE variable slit
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Figure 33: Comparison of the OGSE monochromator power (dark copper), to the stellar targets (dashed lines for spectrometers and dots for photometers). To increase the

monochromator flux, the impact of a series of design changes is then assessed.
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Figure 33 shows that the flux of the SRR design is ~4 orders of magnitude lower than the payload faint

target. Significant tuning is therefore required to improve the output flux.

The first measure considered was the change from the fixed slit to the variable slit. AIRS CHO drives
the slit width size. By switching to a variable slit, the slit can be opened up in the FGS and Airs CH1.
The impact of the variable slit is shown in Figure 33. This significant improvement is because of the

guadratic scaling of power with the output slit size.

With the variable slit, the flux is still ~3 orders of magnitude lower than the faint target so further

measures are required. The scaling of equation 3.9 can be used to optimise the sphere flux. Of

particulate importance is that Py & z;Rz- These parameters are the parameters that are likely

sphere

the easiest to tune/ trade-off to increase the flux.

Flux scales as the inverse square sphere radius. This high sensitivity can be utilised when optimising
the flux. Figure 33 shows a case where the sphere is reduced from 30 cm to 10 cm?. This would lead
to a 9x increase in sphere radiance. This is however a trade-off on the spatial uniformity of the sphere

output. The implications of this are discussed in section 3.3.

The flux also scales as the square of the spectral resolution. The quadratic scaling comes from linearly
from the larger exit slit, and linearly from the larger spectral width. If possible, it is therefore highly
desirable to relax the spectral resolution requirements. The OGSE requirements at the time require
Nyquist sampling of spectral resolutions that are ~10 times higher than Ariel’s spectral resolution. This

was more than was necessary, but not completely without motivation.

21 1t was later decided that a 15 cm sphere would provide a more acceptable compromise between flux

and uniformity.
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The driver for the monochromator resolution is the wavelength calibration requirement that requires
calibration with an accuracy of 1/3 of a spectral bin (R-CAL-140). A spectral resolution to Nyquist

sample 1/3 of a spectral bin would therefore be justified.

It is, however, important to make the distinction between the stepping resolution of the
monochromator and the spectral width. The wavelength calibration measurement is a measurement
of a spot centroid (see 2.2.14). The spectral stepping determines the centroid position of the spot. The
spectral width determines the PSF broadening of the spot in the spectral detection. To meet the 1/3
spectral bin calibration, we need to be able to step the line centre position by 1/6™ of a spectral bin.

The wavelength of the line centre also must be known to 1/6" of a spectral bin.

The finite spectral width will have the effect of broadening the PSF. Provided the spectral width is
small compared to the payload PSF it should not impact the centroid accuracy and, thus should not
impact the wavelength calibration accuracy. Therefore a spectral width requirement of % spectral bin

was chosen.

By requirement update and decoupling the spectral width and stepping resolution a factor of 10

relaxation in spectral width was possible. This corresponds to a factor of 100 increase in flux.

The final change was to increase the line density of the grating. A higher line density implies a wider
slit can be used for the same spectral resolution. A case with double the line density was also evaluated

(and is shown in Figure 33). This led to a factor of 2 increase in flux.

From Figure 33, one can see that even with all of the above-mentioned changes, the monochromator
flux is fairly marginal on the faint target flux in AIRS CHO. This is due to the fainter IR source and the
R>100 resolution in this channel. To address this, it is desirable to extend the usable wavelength of
the brighter QTH source into the AIRS CHO band. This can be done by exchanging the SiO, condenser
for a CaF, condenser provided. This extended the quoted source operation to 4 microns. The impact

of this is shown in Figure 34.
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Figure 34: Using a CaF2 lens to extend the spectral range of the VIS source. This was modelled by changing the
IR to VIS source transition wavelength from 1.95 um to 4 um. Note this plot assumes all the other measures

discussed above have been enacted.

This simplified analytical model provided early indications about the challenges of meeting the output
flux with a Bentham TMC300 monochromator (by ~4 orders of magnitude with the SRR baseline). Five
measures were presented (1) the use of a variable slit to improve performance in FGS and Airs CH1
(2) the use of a CaF2 condenser to improve the throughput in AIRS CHO; (3) the decoupling of the
spectral stepping and spectral width requirements to enable relaxation of the spectral width

requirements; (4) increase in the grating line density; (5) a reduction in the sphere size.

The results shown in Figure 34 still show a marginal flux in VISPhot (the short-wave photometric

channel). This will be addressed in section 3.4.

3.3  SPHERE RADIUS TRADE-OFF

Section 3.2 described the challenges of achieving a flux greater than the faint target with the F/4

Bentham monochromator. Because of this, a reduced sphere size was considered.
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This decision was also influenced by the broad-band sources. The source etendue requirements stated
in Table 3 would be four times larger with a 30 cm sphere. This would imply challenging low F-number
optics for the sources (~F/0.5 for the IR source). With these low F/# source relays, the source power
is a significant thermal load on the sphere (~11 W when both sources are operated simultaneously).
This would require a >12 m? Radiator to dissipate this energy at 70 K. Therefore, in addition to helping
solve the monochromator flux challenges, a reduced sphere simplifies the broad-band relay optics and

reduces the thermal challenges on the cryogenic optical bench.

Reducing the sphere radius is, however, a trade-off against the uniformity at the output of the

|22

integrating sphere. A uniformity of better than 0.5% is beneficial** for flat fielding of the payload
(section 2.2.11). To assess the feasibility of meeting the 0.5% uniformity requirement with a 15 cm
sphere, a ray-tracing model was evaluated. The model considers a simplified on-axis system with a
single entrance and exit port that are separated by a centrally located 9 cm square baffle (Figure 35).
The sphere CAD has three entrance ports (shown in Figure 35- Right). These were combined into a

single 3.5 cm port (equal to the area of 3X2 cm ports). A 1 cm output port was used (approximately

two times oversized relative to the 50" Ariel unvignetted field).

221t is also possible to flat field the detector by raster scanning the point source over the detector.
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Figure 35: Left shows the port layout in the simplified model [86], right shows the baseline sphere layout [51].

The impact of the reference detectors on the number of photon scatterings in the sphere is handled
implicitly by defining a reduced reflectivity. Pessimistically the reference detectors are modelled as
black (¢ = 1) leading to a reduced effective sphere reflectivity of n,sr = 0.94 X (1 —11.7/707) =

0.924.

The model uses a radiometric ray tracing method. To describe the geometry, the sphere walls use a
polar mesh?, The centrally located baffle is described by a rectangular mesh composed of 50 facets.
View factors are calculated from each facet to each other facet. The light then undergoes scattering
in a series of time steps. At each time step light is injected into the input, shining on the baffle. The
flux landing on each facet is then calculated. A fraction 1 — 1, is absorbed. The remainder is
scattered to other facets in the next time step. Scattering is assumed to be Lambertian, and coupling

is determined by the previously calculated view factors.

After ~100 time steps, the intensity distribution reaches a steady state equilibrium. The output is then
measured in the equilibrium state. The radiance at the output port is integrated over the F/24

collimator cone angle to calculate the flux at the output port.

23 400 bins in the polar direction and 24 bins in the azimuthal direction
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Figure 36: Left shows the sphere output uniformity across the extended port of the sphere. Right shows the

angular variation in flux across the sphere wall.

The estimated uniformity is shown in Figure 36 — left. From this, the peak-to-valley non-uniformity
over the circular 30" field is ~0.2%, consistent with the 0.5% requirement. The analyses also implied
the dominant source of the non-uniformity was caused by baffle shadowing. The baffle shadow leads
to a flux gradient along the sphere wall (Figure 36 — Right), this, in turn, causes a gradient on the baffle
which is seen at the output. This may be exaggerated by the pessimistic representation of the baffle

as a 9 cm central baffle, but it is likely the dominant driver of non-uniformity for the on-axis system.

The model was, however, found to be very sensitive to the geometry of the system. Given the
simplified handling of the geometry, the results should only be considered an order-of-magnitude
feasibility assessment of the reduced sphere size. However, this model does show promising

indications that the uniformity requirements should be achievable with the reduced sphere.

We can also compare it to the experimental data from Labsphere (Figure 37). Our exit port ratio is
~0.06, significantly smaller than the 0.3 port ratio shown on the graph which meets our uniformity
requirements. This further provides evidence that a 15 cm sphere should be sufficient to meet the

uniformity requirement.

Finally, it is worth noting the total port area ratio (including reference detectors). For the 15cm sphere,

the port ratio is ~3% this is less than the 5% rule of thumb maximum port fraction specified by
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Labsphere [RD2]. Beyond this area ratio, flux leaving the sphere through ports becomes comparable
to the flux absorbed onto the sphere walls (e~0.06). Therefore, the current design is below the

threshold where the port fraction significantly impacts the mean number of photon scatterings.

Figure 37: Compilation of measured uniformities for previously designed spheres. Figure from Labsphere.

(figure redacted from ORA version)

It is planned to manufacture an integrating sphere breadboard which will allow the experimental
assessment of the uniformity. The design also features a removable baffle so multiple baffle sizes and

locations can be explored.

Based on this analysis it was decided that the baseline OGSE integrating sphere should be reduced
from 30 cm to 15 cm in diameter. This provides a significant (four times) increase in throughput for
the monochromator where throughput is marginal. This simplifies the low F/# relays for the broad-
band sources and reduces dominant thermal loads (~¥11W to 3W source absorption). This is potentially
at the cost of spatial uniformity, however, current models and literature data imply that a 15cm sphere

should be able to provide the required 0.5% uniformity.
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3.4 NUMERICAL MONOCHROMATOR MODEL

The analytical monochromator model presented in section 3.2 provided a useful tool for
demonstrating the monochromator flux challenges. The analytical form also highlighted the
parameters that could be tuned to improve flux. In preparation for PDR, a numerical model was

developed to refine some of the simplifications in the analytical model. In particular:

¢ Improved handling of the entrance and exit slit vignetting.
e Prediction of the output line shape function.

e The small diffraction angle assumption no longer applies.
e Addition of broad-band stray light.

e End-to-end simulations to predict the payload focal plane response.

Beyond the reduced model uncertainty, the numerical model had several implications. The line shape
function provides a direct comparison to the spectral width requirements. The broad-band stray light
analysis led to an improved relay design featuring cryogenic focal and pupil stops. The end-to-end
analysis provided focal plane signal to noise and saturation time estimates. These S/R and saturation
times were then used to simulate the planned calibration measurements to assess the feasibility of
completing the whole test campaign in the very restrictive 15 days allocated (driven by
programmatic/cost constraints). The end-to-end flux simulations also led to the addition of an
additional modulator to attenuate the sources by a further ~100 times when the extended source is

in use.

3.4.1 Method

The end-to-end optical path is described in Figure 38. The optical path starts with the source filaments.
The QTH and SiN sources are represented as black bodies with a defined emitting area and emissivity.
The light from the filament is then collected by a condenser. Unlike the rest of the OGSE optical chain,

this condenser is planned to be a transmissive lens. This lens also sets the size of the image of the
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filament at the monochromator entrance slit (calculated using the abbe invariant). The image of the

filament then gets vignetted by the entrance slit.

Source filiment
(QTH, SiN or mercury)

Condenser i Order sorting
(KRSS for IR, CaF2 for Entrance slit il
i ilters

Diffraction grating

Exit slit (0.7um, 1.6um and
4um blaze)

Chamber window Monochromaor
(Cleartran znS) output relay

Integrating .
sphere Post-sphere Ariel
re|ay (including beam
expander)

(15cm, infra-gold
coated)

Figure 38: Monochromator optical path.

Light passing through the entrance slit is then filtered by an order sorting filter. A toroidal mirror
collimates the beam and relays the beam onto a reflective diffraction grating. A second toroidal mirror
images the dispersed light onto the output slit plane, creating a spectrum at this surface. The exit slit
then vignettes the beam allowing only the selected wavelength to pass. Light from the
monochromator is then relayed through a window into the chamber, into the sphere and onwards to

Ariel.

3.4.1.1 Lineshape prediction

The spectral radiance at the input slit is defined to be L;,, (x, 1) (Wm=2srium™) where x is the position

in the dispersive direction. L;, (x, 1)6x h QAA, therefore is a 2D matrix with each element describing
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the power within a spatial bin 6x and a spectral bin AA. The sum over the spatial index provides the

total power injected per spectral bin.

If we assume that the source is uniform in temperature across the emitting surface, we can separate
the spatial and spectral parts of L;,(1,x) = I(A)Ij,(x) . We further assume homogeneous
illumination of the input slit in the spectral direction. In this case, I(1) is the input radiance, and I1(x)

is a unity top-hat function.

To ensure the correct normalisation, . I1;, (x) 6x = w;,, = NAx where N is the number of spatial
samples across the slit, 8x is the width of the spatial sampling and w;,, is the width of the input slit or

the size of the image of the filament, whichever is less.
In this notation, we can rewrite the input spectral power per spatial bin as:
8D (4, x) = 1(A1)6x h Q TI(x) (3.11)

For light at the nominal wavelength solution, the monochromator will image the input slit onto the
output slit. For other wavelengths, the input slit image will be displaced by x;. Therefore, for a given

grating angle, the ideal spatial power distribution at the output is:
0P oxitiyoq A x) =1(A)6x R QAT(x — x3) (3.12)

The true monochromator output will differ from the ideal monochromator due to the internal

throughput (M,m0n0). Therefore, at the exit of a real monochromator, the spectral power distribution

will be @, (4, x) = cI)«evcit_ideal(/l: X)Mmono-

The monochromator will also have a non-zero internal point spread function which can have the effect
of broadening the line shape. However, given the diffraction-limited point spread function is negligible
relative to the line shape, and experimental data on geometric distortions was not available, this effect
was omitted. At this point we have the spectral power falling at each point on the output plane. We
now need to mask this by the output slit to obtain the spatial power at the monochromator output.

[y, (x) is the top hat mask representing the output slit transmission.
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0Pyt (4 %) = Ninono (MDI(A)8x h QT (x — x3) gy (x) (3.13)

Integrating across the slit:
q)out(/l) = Nmono (A)I(A)Q héx Z 1-[in(x - xl)nout(x) (3-14‘)
X

This is the numerical convolution of the image of the input onto the output slit. Therefore the output

power line shape can be described as:

Doyt W = Nmono (DI(A)éx h Q (Hin * 1-[out) (x)L(/D) (3.15)

Equation 3.15, determines the output line shape. This is plotted in Figure 39. One can see that the
output line shape is determined by the overlap area of the input and output slits. The grating
dispersion means that exact optical mapping from the input slit to the output slit only occurs at a
single wavelength?®, 1,. At wavelengths different from A,, the image of the input slit is displaced
relative to the output slit. The mismatch between the input slit image and the output slit location
causes vignetting and reduced throughput away from A,. In the optimised case where the input and

output slit have the same width, this throughput has a triangular functional form (Figure 39).

24 For first order diffraction
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Figure 39: example output line shape function

3.4.1.2 Grating dispersion

As seen in equation 3.15, the output lineshape function depends on the image separation of the input

slit relative to the output slit, x;(4). The image separation is determined by the dispersion

characteristics of the grating. The image separation can be calculated based on standard expressions

for the grating dispersion and the turret angle solution of the grating e.g. [90]. Constructive

interference from a grating monochromator occurs when the following equation is satisfied:

sina + sinf = kn},

(3.16)

The Czerny-Turner monochromator has a fixed input and output slit locations. Therefore, D, = [ —

a, where D,, is the constant, known, angle subtended between the entrance and exit slits (Figure 32).

By trigonometrical manipulation, a more useful form of 3.16 can be derived:

_ ) knA, 4 D,
B = arcsin . ( Dv) -
cos (=

In this way, the grating angle can be calculated for each chosen wavelength.

The offset between the input slit image and the output slit is given by:

(3.17)
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dx knf
x,(4) = a A—2p) = @(l —4o) (3.18)

Equation 3.18 provides the slit image separation, equation 3.17 provides the grating angle for the
chosen wavelength A, and equation 3.15 predicts the spectral output power of the monochromator-
based on slit image separation. This set of equations, therefore, predicts the spectral output power of
the monochromator. The monochromator output power is then propagated through a window, into
the sphere, and onwards to the payload. The method for doing this is as described for the broad-band

sources in section 3.1.

3.4.2 Numerical monochromator model results

The results presented in this section are based on parameters/ data described in Appendix A. Where
raw data for spectral throughput was available this was incorporated into the model. In other cases,
simplified step function spectra were implemented that represented the cut-on/ cut-off wavelengths

of coatings/ windows/ lenses.

Previous model iterations showed that the throughput of the monochromator system is going to be
challenging. For this reason, the analysed design includes the use of a custom source system. This
source uses F/1 condensers that magnify the image of the filament by four times at the input slit. This

allows utilisation of the full slit height and width (20 mm by 8 mm maximum) .

2 The design created in preparation for CDR baselines a pre-exiting off the shelf Bentham source
module. This switch is largely enabled by finding a supplier that can produce silver coated integrating
spheres (Artifex). This partially mitigates the short wave flux deficit. Flux is still expected to be
marginal relative to the faint target, and it still plausible a custom source module will be required. If

required, this will a straightforward switch which can be developed for payload flight model testing.
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3.4.2.1 Spectral width

By evaluating the output lineshape, the slit width was optimised to match the spectral width
requirements of the OGSE (R-OGSE-SPEC-0150, R-OGSE-SPEC-0160; see Figure 40 - Left). The
optimised slit width vs wavelength is shown in Figure 40 — Right. The slit width is undersized to give at
least a 25% margin on the spectral width relative to the requirement. This margin is to account for the
internal point spread function of the monochromator. Blurring of the entrance slit image will broaden
the line shape function. The spectral resolution of the monochromator will be measured by test using

an FTIR to verify the impact of unknown optical aberrations on the spectral resolution.

The discontinuous jumps in the slit width (Figure 40) correspond either to different instrument

channels’ resolution or changes in grating.
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Figure 40: Slit width (left) and spectral width (right) as a function of wavelength. The maximum shown on the

right plot is a mechanical constraint of the slit actuator.

3.4.2.2 Output power

For every grating angle, the output line shape was evaluated. The output power was then calculated
by spectrally integrating the line shape. Output power was evaluated for the pinhole configuration
(Figure 41- Right). An output radiance was evaluated for the extended source (Figure 41- Left). In the
case of the pinhole configuration, the monochromator power can be compared to the power the

payload receives when viewing the defined bright and faint targes (binned at the Ariel spectral
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resolution). One can see there is a comfortable margin relative to the faint target in AIRS, however, in

the three photometric channels, performance is compliant albeit marginal.
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Figure 41: Extended source radiance (Left) and point source ouput power (Right).

Now the OGSE output spectral power is known, the next step is to inject this into Ariel to produce

simulated focal plane spectra.

3.4.3 End-to-end simulations using ArielRad

To enable simulations of the focal plane response during calibration measurements, the
monochromator model output was input into the Ariel end-to-end radiometric simulator (ArielRad,

[91]). The following sections describe the results of the end-to-end ArielRad simulations.

3.4.3.1 Point source vs extended source

For the point source (Figure 19), it is relatively straightforward to demonstrate the OGSE output power
is within acceptable bounds. This can be done by direct comparison to the bright and faint stellar
targets. For the extended source, it is less straightforward to demonstrate the OGSE output flux is
within usable ranges. To do this, end-to-end simulations are required to determine the focal plane

saturation times.

The focal plane flux can then be estimated and can be compared to maximum and minimum saturation

times for the bright and faint targets. A saturation time of less than 0.1 s would saturate the detectors
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faster than they can be read out. Long (> 103 s) saturation times would lead to measurement times
being inconsistent with the two weak calibration window in the RAL chamber. For comparison, the

range of saturation times for the payload observing the bright and faint targets is 0.1 s to 4000 s [91].

Figure 42 shows the output power when the monochromator is used. Figure 43 shows the output
power when the broad-band sources are used. For the broad-band sources, it was found that
considerable excess in flux arrives at the focal plane. With the point source, there is a one-to-one
wavelength mapping so each pixel only receives a narrow spectral width. For the extended source,
the focal plane signal is the convolution of the spectrometer slit extent (top-hat function) with the
point source spectrum. This implies a broad range of wavelengths land on each pixel leading to a ~100

times increase in flux.

Calibration measurements such as the pixel gain (section 2.2.17) rely on being able to measure the
Poisson characteristics of photon noise. The variance of the noise provides a direct measurement of
the number of detected photons. The measured signal (in Volts) can be used to predict the gain.

However to see the photon noise above the intrinsic ~0.5% source variability the focal plane fluence

1 .
needs to be less than ~ 50052 = 4 x 10* electrons. It is therefore necessary to be able to generate

low-flux extended source measurements. To achieve this, an additional 100 times modulator was

incorporated into the shutter blade. The design of this shutter is discussed in section 6.2.4.3.
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Figure 43: Focal plane signal when the payload is illuminated by the OGSE broadband sources. The diffuse
output is shown with the dashed line and stars, the point sphere output is shown with the solid line and dots.
The blue shows the limiting bright case, and the red shows the limiting faint case when the source is maximally

attenuated. The extended source is shown with the 100 times modulator applied.
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3.4.3.2 Flat fielding

Another output of the end-to-end simulations was the validation of the planned flat field method. To
measure pixel response non-uniformity, it is desirable to illuminate the focal planes with a flat
intensity distribution. Given a flat (or known) intensity distribution, any measured variability between

pixels can be attributed to pixel response non-uniformity.

The flat field measurement is particularly challenging for the spectroscopic channels as the dispersive
element will impact the flat field. If the extended sphere source was used with the broad-band
sources, a ~black body intensity distribution would be seen across the focal plane (e.g. Figure 64) —
not a flat intensity distribution. Given typical uncertainties in radiometric calibration standards?®,
correcting the spectral flux dependence to the level of 0.5% will not be possible. Therefore, the broad-
band sources can only be used to flat field the detectors in the spatial direction, not the spectral

direction.

To Flat field the Ariel spectrometers an alternative method must be used. The method chosen is to
use the monochromator and the extended sphere output. This can be used to generate local top-hat
flat fields. As discussed in 3.4.2.1, the focal plane response is the convolution of the payload
spectrometer slit extent (top-hat) and the OGSE point source spectral response. When a
monochromator is used, the point source spectral response is small compared to the slit extent. The
focal plane signal is therefore the convolution of a top-hat with a Dirac delta giving a top-hat intensity
distribution at the focal plane. This was confirmed by injecting the line shape (e.g. Figure 39) into the

end-to-end payload simulator the resulting focal plane intensity distribution is seen in Figure 44-left).

% ~3% is typical for a commercial, traceable, radiance standard (e.g. a Bentham SRS8)
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The top hat is centred on the wavelength solution of the monochromator wavelength. This top hat
can be used to create a local flat field. Verification of the global flat field is not possible at payload
level. By scanning the monochromator wavelength, the top hat can be shifted across the focal plane
allowing other regions of the focal planes to be flat fielded (Figure 44-Right). This scanning top-hat

technique will also be used to verify the payload non-linearity where flat illumination is required.
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Figure 44: flat field generation using the OGSE monochromator and the extended sphere output. This generates
top-hat intensity distribution at the focal plane (e.qg. Left figure). The Right figure shows how flat fields can be
built up over the full wavelength range by scanning the monochromator. Each colour corresponds to a different

monochromator wavelength.

3.5 MONOCHROMATOR CONTINUUM STRAY LIGHT

The monochromator is designed to produce a line shape (Figure 39) that is narrow compared to the
payload spectral resolution. However, continuum sources could contaminate this monochromatic
signal — impacting calibration measurements such as wavelength calibration. The monochromator
relay presented at PDR is shown in Figure 45 — left. This used a pair of 30° off-axis parabolic mirrors
and a pair of folds to image the monochromator output to the input of a 15 mm diameter light guide
situated on the ambient optical bench within the vacuum chamber. The light guides were used
primarily for accommodation reasons. To maximise the uniformity of sphere output there must not

be a direct line of sight between the output and the input. This means the inputs must all be located
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close together on the sphere wall. Generating three close images with low F/# optics is challenging so

light pipes were used to inject light into the sphere.
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Figure 45: lllumination module design at PDR [51]. Right shows the monochromator output power as well as
contributions from ambient stray light. The green line represents the stray light in the PDR relay. The orange

line shows the stray light in the CDR design.

The drawback of the light guide concept is the management of stray light. The hollow core light guides
are capable of transmitting light at all entrance angles?” and transmit light over the full entrance
aperture. This gives the light pipe an effective etendue of m x 7 (7.5)> mm?sr = 6 X 10~* m?sr.
This orders of magnitude larger than the etendue of the monochromator relay (2 X 10~° m?sr). At

PDR, the entrance of the light pipe was on the ambient optical bench and the light guide entrance

27 Albeit with somewhat reduced throughput at large incident angles due to the larger number of

reflections.
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faced entirely ambient surfaces. The resulting thermal emission entering the light guide is shown
Figure 45. This shows that thermal emission will be an order of magnitude larger than the

monochromator signal at 7.8 microns.

To reduce the thermal emission entering the light pipe, the ambient optical bench was removed from
the design and all relay optics in the chamber were accommodated on an extended cryogenic bench
(Figure 20). By placing the mirrors on the cryogenic bench, cryogenic focal and pupil stops can be used
to drastically restrict the etendue of thermal emission (2 X 10> m?sr). The resulting reduction in

thermal emission is shown in Figure 45.

The addition of cryogenic stops (Figure 47), will therefore bring thermal emission to a regime where
it is lower than the monochromator signal. It, will, however, still be a measurable effect and will, for
example, be seen when performing the flat field measurement (Figure 46). The monochromator does,
however, have a shutter at the input. By sequential background subtraction, the thermal background

coming from the monochromator relay should be correctable to an acceptable level.
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Figure 46: flat field simulation with broad-band spectral contamination (blue). The red dashed line shows the
focal plane response when the monochromator and the extended source are used. The blue line shows the
effect of thermal emission entering through the monochromator realy optical path. Purple shows the combined
signal binned at the payload resolution.

This model shows the effect of thermal continuum contamination. It does not consider scattering off
the grating which will likely dominate the continuum in the visible. It is extremely difficult to make
predictions about the grating scattering characteristics without detailed knowledge of manufacturing

defects/ contamination. Because of this, this effect is best validated by test.

3.5.1 Updated relay design

Figure 47 shows the updated relay design, needed to reduce the thermal emission in the system. To
enable early breadboarding of the monochromator system, it was desired to use commercially
available mirrors. A <0.75 times magpnification in the system was required to map the 2 cm
monochromator slit to the 1.5 cm diameter light guide. It was found that 2 inch mirrors were found

to be sufficiently large to relay the large (2 cm) object over a long (~30 cm) collimated stretch with
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negligible vignetting. Since these optics are before the sphere, imaging quality is not important, except

where it causes vignetting.

A pair of 90-degree off-axis parabolic mirrors satisfies the above considerations. The collimating mirror
has an apparent focal length of 154.2 mm, the imaging parabola has a focal length of 101.6 mm. By
using 90-degree parabolas, and switching the monochromator output, three fold mirrors were

eliminated from the optical path, improving throughput.

Given these parabolas, the only remaining free parameter was the orientation. Figure 47 shows two
possible orientations. The top configuration uses a ‘C’ configuration, the bottom uses a ‘S
configuration. When the ‘C’ configuration is addopted, there is a smaller point spread function,
however, there is significant field distortion. The crescent shape image causes slight (~1%) vignetting
at the left edge of the focal stop. A 0.6 mm decenter was applied to the light pipe entrance to minimize

this vignetting.

With the opposite folding, a significantly larger PSF is seen. There is, however, negligible field
distortion. However, even with this large PSF, both options produce a similar geometrical throughput
of 82% vs 84%2. This is because in both cases the throughput losses are dominated by vignetting on
the pupil stop. This is caused by the long collimated stretch (440 mm) required to relay the beam from
the ambient optical bench to the cryogenic bench. To improve the throughput, longer focal length,
and larger diameter, parabolas could be used. These would, however, have to be custom and the
marginal gain in throughput from reduced vignetting would be offset by increased absorption from

additional folds required to accommodate these longer focal lengths. The larger diameters would also

28 This throughput calculation assumes uniform illumination across the slit. This is a worst case
assumption, and is known to be pessimistic as the monochromator which brighter in the centre than at

the edges of the slit.

Page 109



imply larger chamber windows and a larger hole in the cryo-shroud. For these reasons, the left relay

shown in Figure 47 is seen as the optimal solution.
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Figure 47: The impact on the monochromator relay image with different parabola orientations.
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3.6 CONCLUSIONS

In this chapter, it was shown how Ariel’s stellar targets (HD 219134 and GJ 1214) have influenced the
OGSE design. In particular, meeting the bright target (HD 219134) flux whilst having a pinhole that is
small compared to the Ariel telescope point spread function proved challenging. This had several

design implications.

It was shown how representative fluxes for the Ariel stellar targets were flown down requirements on
the source relays. Designs of these relays were presented. In the case of the monochromator (Figure
20), the flux is constrained by F/# limitations of the off-the-shelf Bentham TMC300 monochromator.
A monochromator radiometric model was created to optimize the output flux. This was used to select
the gratings, filters, slit width and mirror coating material. This model also highlighted the importance

of out-of-band stray light control, leading to an improved realy design

Despite all of these measures to improve the monochromator flux, it was found that the flux was still
non-compliant relative to the Ariel faint target. Because of this, it was desirable to reduce the sphere
in size. A reduction in sphere radius is a tradeoff against the spatial uniformity at the output of the
sphere. To check the feasibility of meeting the spatial uniformity requirements with a smaller 15 cm
sphere, a simplified raytracing model of the sphere was created. Based on these results the sphere
was results, the diameter of the sphere was reduced to 15 cm leading to a four times increase in

output flux.

To simulate the focal plane response during ground testing, the output of the monochromator and
broad-band models was fed into the payload’s end-to-end radiometric simulator (ArielRad). This
allowed focal plane spectra to be generated. Of particular importance was S/N and saturation times

which were used to assess the feasibility of the proposed calibration methods.
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4 PHOTOMETRIC STABILITY

Ariel’s science goal is to characterise exoplanet atmospheres. The spectral features Ariel will measure
are typically tens of ppm relative to the flux of the host star (see Figure 6). Transit depth
measurements evaluate the difference between the in-transit and the out-of-transit flux. The time
domain nature of transit measurements means the photometric stability of the payload directly
translates to the uncertainty in the measured transit depth and therefore the spectral signals of
interest. Ariel’s photometric stability is therefore critical to its science case, for this reason, the OGSE

is required to test the payload gain stability at the payload level (R-CAL-080).

The OGSE must verify the payload is stable to 40 ppm Vhr over a 10hr timescale. As will be discussed,
this is an extremely challenging measurement to make. In this chapter, the feasibility of making this
measurement at payload level will be assessed. It will also be shown how this test flows to
requirements on the OGSE source, reference detectors as well as thermal stability requirements for

the integrating sphere.

To estimate the performance required by the OGSE additional modules were added to the Ariel end-
to-end simulator [92]. It will be discussed how OGSE source variability can impact the payload
photometric stability measurements. The end-to-end simulation allowed time-varying OGSE spectra
to be simulated. Moreover, pipeline modules were created to assess how well OGSE source variability
could be corrected. It will be shown that a combination of source temperature monitoring and broad-
band reference detectors will be required to correct source variability. Moreover, this analysis will be

used to place constraints on the detectors and source performance.

Literature data will then be used to assess OGSE detector candidates. Literature measurements will
also be used to motivate requirements on the temperature stability of the OGSE detectors. Thermal

control models will then be presented to assess if the required thermal stability can be met.

The work completed in this chapter was conducted to define the driving performance requirements

of the OGSE for system requirements review (SRR). Results are reported in the following documents
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[93, 94]. The assessment of meeting the required thermal stability was completed for PDR and is

reported in [95].

4.1 FEASIBILITY OF PERFORMING GAIN STABILITY TESTS AT PAYLOAD LEVEL

Correction of the source variability to 40 ppm vhr remains a challenging test. To our knowledge,
stability characterisation to this level has never been done before for a spectrometer. Clanton et al.
[96] performed detector-level testing of MCT arrays. However, their work was in the context of a wide-
field photometric transit survey mission which enables the use of common-mode rejection to detrend
source variability. This is not possible for Ariel where only a single star is present in the telescope's

field of view during an observation.

For CHEOPS, a payload that photometrically observes single targets, stability was measured at payload
level with a precision of 20 ppm over 6 hours [97, 98]. They used a source stabilised to better than 20
ppm which was achieved using a monitoring system and a vignetting knife that attenuates the beam
in a closed feedback loop. Such a system will, however, be shown to not be sufficient for Ariel. At the
level of 40 ppm Vhr, it is not sufficient to only modulate the amplitude since the spectral dependence
of e.g., a drifting black body then becomes important (section 4.2.3.1). Moreover, CHEOPS had the
technical advantage of operating from 400 — 1100 nm. This meant the OGSE could be operated at

ambient.

For Ariel, payload level gain noise verification will be carried out using illumination from the OGSE
(section 1.4). The OGSE will illuminate the detectors, and the variability in the measured signal will be
used to assess the stability of the payload. The challenge with performing this test is that the OGSE
source is expected to be stable to ~0.5% over 10h [See Bentham IL1 datasheet]. This stability is orders
of magnitude worse than the 40 ppm Vhr stability the OGSE aims to measure (R-CAL-080). Therefore,

the source variability must be corrected using knowledge from the reference detectors (Figure 19). In

this way, the OGSE source variability will be known and correctable to 40 ppm vhr.
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The OGSE reference detectors are accommodated on the integrating sphere (see Figure 19). To cover
the spectral range, OGSE will have three types of reference detectors: A photovoltaic InGaAs for
coverage between 0.5 um -1.95 um [99], a photovoltaic InSb for coverage between for coverage from

1.95 um to 5.5 um, and a photoconductive MCT for coverage between 5.5 um to 7.8 um [94].

4.2 PHOTOMETRIC VARIABILITY CORRECTION

Verifying Ariel is photometrically stable to the level required for atmospheric characterisation (40
ppm vhr, R-CAL-080) has several implications for components within the OGSE design. In this section,
we explore the consequences of the gain stability measurement on the parts of the OGSE. Specifically,
we define the requirements for the OGSE sources and reference detectors. To address this, two

guestions must be addressed:

1. How effectively can the raw OGSE variability be corrected by broad-band reference detector
data alone?

2. How sensitive is the OGSE detrending pipeline to different types of monitoring uncertainty?

To test how well OGSE source variability can be corrected, a provisional on-ground detrending pipeline
has been created. By a combination of sensitivity analysis of the pipeline and prior estimates of
uncertainties, individual uncertainty sources can be constrained such that the overall noise budget is

consistent with verifying the Ariel gain noise. This pipeline was implemented in ExoSim.

4.2.1 Intro to ExoSim

ExoSim [92] together with ArielRad [91] are the main tools used by the Ariel simulations team to model
instrumental noise and systematics. ArielRad was used in Chapter 3 for the radiometric modelling of
the OGSE + payload. Whilst ArielRad can predict signal-to-noise and flux vs wavelength, it can not
produce 2D spectra nor can it simulate time domain effects (e.g. source drifts). Here we are interested

in assessing the effects of OGSE source variability, therefore, a different tool must be used: ExoSim.
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ExoSim has a modular structure shown in Figure 48. The first module is the astroscene. This generates
the transit light curve given the stellar and orbital parameters of the exosystem. In addition to the
light from the exosystem, the zodiacal light can then be added as well as a (time-independent) thermal
emission from optical surfaces in Ariel. The star flux, zodi, and self-emission are then propagated
through the optical surfaces, accounting for a wavelength-dependent throughput. The light then
either arrives at a photometric focal plane or is dispersed by a prism. This focal plane image is then

convolved with a wavelength-dependent PSF to produce the irradiance distribution at the focal plane.

The photons are then detected by the focal plane. However, there will be noise sources associated
with this detection. The random arrival time of photons will lead to photon noise. Thermal charge
excitation will lead to dark current. Finally, there will be stochastic variations in the readout
electronics. These three noise processes are all implemented as Gaussian random sources. There are
also correlated noise sources that must be accounted for. There is the possibility of gain drifts, e.g.
caused by detector temperature variations. Finally, there is the possibility of pointing Jitter. This is

implemented by translating the focal plane image with time based on a pointing PSD.

The focal plane signal is then sampled in the desired mode, correlated double sampling or up the
ramp, to produce sample Ariel science frames. This simulates the full onboard signal processing chain
up to, but not including data compression and the conversion to telemetry [63]. The science frames
are then processed through the detrending pipeline [70]. At the time of performing this analysis, most

payload detrending steps were still under development.
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Figure 48: ExoSim structure. Figure from [92].

The pre-existing ExoSim framework was adapted such that the focal plane response of Ariel during
ground testing could be simulated. The first change required was to replace the astroscene module
(Figure 48) with the OGSE time-varying output flux (section 4.2.2.1). To allow variability correction,
the OGSE source flux is then measured by OGSE reference detectors (section 4.2.2.2). In this chapter,
it will be discussed if reference detectors alone are enough to correct the time-varying flux. It may
also be necessary to monitor the source temperature to provide an additional monitoring constraint

(section 4.2.2.3).

In addition to the source, emission from OGSE optics was also simulated (section 4.2.2.4). Pipeline
steps were then created to assess how well source variability can be corrected given knowledge from

the OGSE reference detectors and source temperature monitoring (section 4.2.2.5).
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4.2.2 OGSE ExoSim modules

4.2.2.1 Source module

The OGSE source was modelled as a black body B(Tgyrce(t),A) with a time-varying source
temperature Ty ce (). The source flux is then propagated to the sphere through relay optics (Figure
20), and the sphere radiance is calculated. The sphere radiance calculation follows the method

described in section 3.1. Using equations 3.2 and 3.1:

L _ NsorEsource As-Qs p B
sphere T[Asphere 1- .0(1 - f)

(TSOU,T'C@’ A) = K(/’{)B(TSOU,T'C@I A) (41)

Here we adopt a condensed notation where all the time-invariant constants are grouped into a
wavelength-dependent function x(4). k(1) is the proportionality between the source and sphere

radiance and can be evaluated using the requirements derived in Table 3.

In addition to source temperature variability, we also model vignetting-induced variability. The OGSE
sources are known to vignette at various points before the sphere (e.g. Figure 30). If there are also
any drifts/jitter in the alignment, this will cause a time-varying flux variation that may be important at
the level of tens of ppm. This time-varying vignetting is represented as a wavelength-independent

attenuation Sa(t).

Lsphere(,2) = (1 + 6a () )k(D)B(Tspyree (£), 1) (4.2)

Not modelled, but also of interest is variability introduced by changes in gas composition (e.g.
humidity). This will have a different spectral signature to vignetting or temperature drifts. To minimise

this effect, the optics outside the chamber will be operated in a nitrogen purge.

An example AIRS CH1 focal plane spectrum with the OGSE IR source is shown in Figure 49.
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Figure 49: Focal plane electron flux when illuminated with the OGSE IR source. This observation is in the faint

observing mode which matches the band-averaged flux of the faint target (R-OGSE-5200).

4.2.2.2 Sphere reference detector module

To enable correction of the OGSE source variability, the integrating sphere features broad-band
reference detectors. The power incident on these detectors is governed by the sphere radiance,
Lgphere, and the etendue of the detector, AQ. The detector will map the incident power (W) into a
signal in arbitrary digital units (ADU). The conversion between the innocent power and the measured
signal is described by the detector responsivity, R(1). For simplicity, this was modelled as being
spectrally independent e.g. representing a gold-black coated thermopile. Later, semiconductor-based

detectors were selected. The characteristics of the chosen detectors will be described in section 4.3.

The OGSE reference detectors will have non-ideal characteristics. To place bounds on the maximum
allowable detector noise, stochastic noise sources were applied to the ideal detector signal. This
included additive noise, §,44(t) (e.g. Johnson noise, photon noise...), and stochastic gain variations
(8gqin(A, t, T, @)). This noise breakdown follows the approach used in the Ariel noise model [68] and

is discussed in section 2.2.6.
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The measured reference detector signal in arbitrary digital units (ADU) is:

Vi (6) = (1 + 8a) f " AQU)SED (Typureo (0, DR(A) (14 04an (AL 6T, ®)) dA + 8aqq(t) (43)
0

4.2.2.3 Source temperature monitoring module

In addition to reference detectors, it is planned to directly monitor the source temperatures. This
provides an additional constraint when correcting flux variability. For the IR source, the temperature
will be measured directly with a thermocouple on the source. For the VIS source, this is not possible.

The colour temperature will therefore be measured spectroscopically.

To define the required measurement accuracy, a stochastic temperature measurement error was

added to the model as well as a systematic monitoring offset.

4.2.2.4 OGSE thermal emission module

Thermal emission from OGSE optical surfaces is modelled as a black body with a defined emissivity
(0.03%). Emission is assumed to be homogeneous across the optical elements' surfaces and isotropic
across the payload FOV. The black body spectrum is propagated through the telescope optics and

attenuated by dichroic and mirror absorption.

ExoSim then disperses the signal through the focal plane prism. The focal plane intensity distribution
is the convolution of the spatial intensity distribution (flat over the AIRS FOV, zero elsewhere) with the
prism spectral response function. The resulting thermal background electron count for a single Non-

Destructive-Read (NDR) is shown in Figure 50.

2 Assumed wavelength independent at this stage. When this analysis was conducted the mirror

coatings were still to be confirmed.
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Figure 50: Example AIRS CH1 thermal background NDR. Calculated for a 70K sphere with 12s integration time.

For validation and understanding of the functional dependence of the ExoSim model, the AIRS slit
convolution was also evaluated in the thin slit limit. Under this assumption, the top hat convolution
can be replaced with a Dirac delta. This provides the following expression for the electron flux, F per

pixel:

di
F(x) =n(AD)eB(T, 1) a AxpixApix-QfR (A)Nspec (4.4)

Where 1n(A) is the attenuation of the payload optics, € is the emissivity of the emitting surface, B(T, 1)
is the standard blackbody function, A(x) is the wavelength solution of the prism*, Ax,;, is the width
of the pixel (spectral direction), A,y is the area of the pixel, ()¢ is the solid angle of the focusing mirror
as viewed at the focal plane, R(A) is the responsivity of the detector, Npis the size of the AIRS slit

in the spectral direction in units of pixels.

% The wavelength corresponding to each pixel for on-axis point source illumination.
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The agreement of the thin slit analytical model (equation 4.4) with the ExoSim implementation that
uses the full tophat convolution can be seen in Figure 51. At 8 microns the thin slit approximation
breaks down. This occurs when the pixel position is less than the slit width of the edge of the detector.
However, this is outside of the defined wavelength range of Ariel (<7.8 um) so is not of concern for
this analysis. Moreover, in the analytical formulation, one can see ripples coming from spectral
throughput variations. These ripples get smoothed out by the slit convolution but not in the thin slit

limit. This only causes a few per cent deviation from the ExoSim calculation though.
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Figure 51: Comparison of the numerical ExoSim model with the analytical expression described in eq 4.4. The
ripples seen in the analytical are due to absorption within the PLM.

The results of the OGSE thermal background module will be discussed further in section 5.1. In
particular, it will be shown how the thermal backgrounds impact the required mirror temperature. In

this chapter, we focus on the definition of the source monitoring requirements.

4.2.2.5 Pipeline modules

As discussed above, it is not expected that the OGSE sources will be stable to the level required to

verify the gain stability (40 ppm vhr) without correction. Therefore, an assessment must be made of
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how well source variability can be corrected. The following steps of the payload pipeline[70] are of

particular importance when correcting OGSE systematics:

e Background subtraction using off-science pixels.
e Masking off high background regions of the array.

e Residual systematics correction — time-domain fitting of data to a transit model

The first two of these steps can be used to reduce the impact of OGSE thermal emission and stray
light. The final step can be used to reduce the impact slowly (hrs) varying source drifts. This uses the

time correlation of long-period systematics, essentially short-pass filtering the data (see [100]).

In addition to the flight pipeline steps. The OGSE will also use a reference detector and source

temperature data to correct source variation.

4.2.2.5.1 Correction method 1 — Physics agnostic method

Section 4.2.2.1 describes the sphere variability model which includes amplitude and temperature
variations. The first approach explored to correct the signal variability was to scale all focal plane pixels
by an amount proportional to the sphere flux variability (as measured by a broad-band reference
detector). For example, if the reference detector signal increased by 1%, at some time, all focal plane
pixels get divided by 1.01. The advantage of this approach is the correction makes no assumption
about the origin of the drift. Moreover, given only a single observable, a bolometric correction is likely

the best that can be performed.

4.2.2.5.2 Correction method 2 — noisy reference detector data

In section 4.2.2.5.1 a physics-agnostic correction was presented. It will be shown, however, that
without some knowledge of the underlying cause of the variability, correction to the level of tens of
ppm will likely not be possible. Here we consider an alternative correction. This method allows us to
combine information from temperature sensors and reference detectors. This method, does,

however, suffer from the problem that the forward and correction models are the same. Therefore, it
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may overpredict the correction efficacy if physics not included in the model is important (e.g. humidity

variation).

This model, does, however, allow a quantitative prediction of how OGSE detector and temperature

monitoring errors propagate to the uncertainty in the payload gain stability.

The correction takes the form of a matrix (M) with the wavelength in one direction and time in the
other. It describes how, at a given wavelength, subsequent radiances compare to the initial radiance3.
For convenience, we define matrix to be the fractional change in flux from the initial radiance. It is,

therefore, filled with values close (S 1% deviation) to one.

_ LA AL(t, 1)
M= oo Yo

(4.5)

To correct the OGSE source variation, the focal plane image stack is divided by this correction matrix®2.
It is assumed this correction will be applied after payload systematics such as dark current, point jitter,

etc. have already been accounted for (at the end of level 1.5 using the notation in [70]).

This method allows knowledge to be combined from two sources. The two observables known to the
observer are the reference detector signal (1},) and the source temperature drift AT. The correction
matrix will, therefore, be some function M(Vp,AT). For the correction, we assume the same source

variability as the forward model (4.2). This implies the following form for the correction:

81 The choice of normalising to the initial value is arbitrary and is chosen for ease of explanation.
However experimentally, the initial value is often less stable e.g. due to some settling time being
required, therefore, in practice, another normalisation may be preferred.

82 After resizing this matrix to a 3D array. This implicitly assumes flux variability is correlated in the

spatial direction of the array.
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B AT + (8a(t) — 8a(0))B(Ty, 2)

dT
(14 6a(0))B(T,,2)

M~1+ (4.6)

From the form of the correction matrix shown in equation 4.6, one can explicitly see the contribution
from a predicted thermal drift, Z—iAT , and the contribution from a vignetting variation,
(Sa(t) — Sa(O))B(TO,A), to the correction that is being applied. This also shows how information
from two sources, the photometric reference detector and source temperature monitoring, can be
combined to provide a correction that can distinguish amplitude variations from source drifts.

Moreover, one can see how different sources of uncertainty propagate and impact the final correction

efficacy.
To predict the relative contributions of vignetting (6a(t) —6a(0)) and source drifts AT, the
reference detector model (section 4.2.2.2) can be used:

V() = (1 + 6a(D)) fo ; AQk(Q) (B(TO,A) + Z—?AT) R(A) dA 4.7)

This can be rearranged to estimate the vignetting variation at some time t

Vo (8)

oa(t) =
Iy AQa; (B(To, 2) +

pIE -1 (4.8)

d—TAT) R(1)dA

By substituting 4.8 into 4.6 a matrix to correct source variability can be derived.

This concludes the additional ExoSim modules required to define the source monitoring requirements.

4.2.3 Flux variation correction results

The source, monitoring and correction models described in 4.2.2 were then used to simulate the gain
stability measurements of the payload using the OGSE. Multiple cases will be explored here to quantify
how well it will be possible to monitor and correct the OGSE spectrum. In the first case, we consider
ideal noise-free reference detectors. Even in the noise-free case, it is non-trivial to recover the OGSE

output power since there is no guarantee the flux will change by the same amount at all wavelengths.
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If the flux changes by different amounts at different wavelengths, it may not be able to recover the
spectrum given only a broad-band reference detector information. To investigate this, we consider an

example where the source experiences both a temperature drift as well time-dependent vignetting.

For subsequent cases, detector noise will be added. This allows requirements to be placed on the

maximum OGSE detector noise and the required OGSE detector gain stability.

When the payload is illuminated in the OGSE bright mode, the payload has the lowest noise to signal

ratio (40 ppm vhr [101]). This will be used to drive the gain stability of the OGSE reference detectors.

When the payload is illuminated in the OGSE faint mode, the payload is photon noise limited (e.g. 200
ppm vhr at wavelengths longer than 1.95 um [101]). The correction in the faint mode, therefore, is
less stringent than the bright case. However, the lower source flux means effects such as dark current
in the OGSE reference detectors become more significant. The faint case will therefore be used to

drive the maximum additive noise in the OGSE detectors.

4.2.3.1 Physics-agnostic correction

The first correction case considered follows the method described in 4.2.2.5.1. The goal of this method
is to assess if knowledge of the underlying physical mechanism is required to correct the signal to the
level of tens of ppm. Equivalently, if a principal component style correction ends up being used, here

we are assessing if we should expect >1 principal component to be important.

The simplest correction to apply, which requires no knowledge of the underlying mechanism of the
variability would be to scale the measured signal by the change in the reference detector signal. This

correction is shown in Figure 52 - right. To model the source drift a 0.5% drift* in bolometric flux was

3 See Bentham IL1 datasheet
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assumed, and was implemented as a change in the emitting filament temperature. The functional
form of the drift is not yet known so was nominally implemented as a sinusoidal function (e.g. driven

by changes in the ambient air temperature).

The effectiveness of the correction described in 4.2.2.5.1 depends strongly on the assumption made
about the origin of the radiance variability. If the radiance variation is dominated by vignetting, then
this correction could, in the absence of any reference detector noise, be perfect (since this should
affect all wavelengths equally). However, if this spectrally independent correction was applied to
variation caused by a temperature drift, a perfect correction at all wavelengths would not be possible
(even in the absence of any reference detector noise). Since, at this point, we only have one
observable, the broad-band reference detector signal, it is not possible to distinguish a source
temperature drift from an amplitude variation, therefore, here we make the worst-case assumption
of correcting a source temperature drift with a spectrally invariant amplitude correction. From this

one can infer whether a correction model with one free parameter is sufficient.

original time series post sensor correction time series

6000

3000 4 — 2um
4um

4000 2000 4

2000 4 1000 1

noise (ppm)
noise (ppm)

2000 4 ~1000 -

—2000
—4000

—3000

—6000 4

time (hr) time (hr)

Figure 52: Left shows the original time series that is injected. Right shows the residual variation post-correction.

From Figure 52, one can see that some wavelengths (> 4um) are overcorrected, and other
wavelengths are significantly undercorrected. This leaves a residual uncertainty that is likely too large

to verify the Ariel gain drift. Therefore, we need more than one piece of information so that we can
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distinguish between amplitude and source temperature variations. This motivates the source

temperature monitoring requirement.

4.2.3.2 Bright Mode correction (random noise only)

Subsequent models used the correction described in 4.2.2.5.2. This enables information from source
temperature monitoring to be combined with reference detector information, leading to a more
effective correction. Noise is also added to the reference detectors and the temperature sensors

(Table 5 & Table 6) to place bounds on the maximum allowable noise.

To place constraints on the required OGSE detector gain stability, the correction of the OGSE in the
bright mode is considered. Here, only white noise sources are included. The assumed source and
monitoring parameters are shown in Table 4, Table 5 & Table 6. The following plots (Figure 53 & Figure
54) were evaluated for the 800 K IR source and a 3360 K VIS source [51]. The integration time used for

this simulation was 45 s (corresponding to the maximum frequency defined in the Ariel noise band, R-

PRD-0470).
Pre-correction thermal drift (peak-to-peak) 1K / 4.2K for the IR/VIS sources (0.5%
variation in bolometric flux)
Pre-correction amplitude type variation (10) 0.5%

Table 4: Source parameters used for bright mode simulations.

The source parameters are conservatively motivated by the Bentham IL1 Halogen Source spec for the

vis source and discussions with HeatWave Labs for the IR source.

Reference detector additive nose (10) 79 ppmv/s (1.3 ppmv/hr)
Reference detector gain nose ( 10) 1440 ppmv/s (24 ppm\/W)

Source temperature monitoring relative uncertainty (1g) | 0.5 Ky/s

Table 5: Monitoring parameters used for the bright mode simulations (IR band).
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Reference detector additive nose (10) 6.4 ppmv/s (0.11 ppmvhr)

Reference detector gain nose ( 10) 1400 ppmv/s (24 ppmvhr)

Source temperature monitoring relative uncertainty (1g) | 2.5 K+y/s

Table 6: Monitoring parameters used for the bright mode simulations (VIS band).

The sub-allocation of uncertainty between the different noise sources (Table 5 & Table 6) was done
by sensitivity analysis. This ensured the relative impact of the colour temperature monitoring
uncertainty and gain noise was roughly equal whilst ensuring the total post-correction variability did

not exceed 40 ppmvhr. The additive noise was set by faint mode considerations (see section 4.2.3.3).
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Figure 53: Top left shows the VIS source time series (a normalised version of equation 4.2), top right shows the

VIS source variability after correction with a reference detector and temperature sensor (as described in

4.2.2.5.2). Bottom left shows the PSD of the VIS source, post-correction. Bottom right shows the PSD of the IR

source, post-correction. These figures are calculated using the parameters listed in Table 4, Table 5 & Table 6.

The lower plots of Figure 53 show the noise power spectrum after correction. The highlighted region

in the lower plots shows the required noise after correction (R-PRD-8818). By comparing the post-

correction source variability to the PSD requirements, it can be determined if the monitoring

uncertainties described in Table 4, Table 5 & Table 6 are consistent with detrending source variability

to 40 ppm Vhr. From the PSDs shown in Figure 53, the integral of the PSDA2 was evaluated over the

red region and compared to 356 ppm (see R-PRD-8818). The red region was chosen as it is the most

stringent driver for the white noise analysis presented here.
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For the parameters described in Table 4, Table 5 & Table 6, the VIS source integral was evaluated to
be 270 ppm, and the IR was evaluated to be 262 ppm. These are both consistent with the 356 ppm
requirement with ~25% margin to account for photometric error due to optomechanical vibrations
after the integrating sphere which are not included in this model. The assumed parameters (Table 4,

Table 5 & Table 6) are, therefore, consistent with the payload gain stability measurement.

4.2.3.3 Faint mode correction (random noise only)

The second case of interest is the faint mode detrending of the OGSE since this drives the additive
noise requirement for the reference detectors. In the faint mode, the broadband sources are fainter
by a factor of 114 and 311 in the IR and VIS bands respectively. Therefore, whilst the OGSE gain noise
and colour temperature monitoring uncertainty remain unchanged, the impact of additive noise is
increased by this factor. It is with this increased additive noise, that the OGSE must be able to detrend

to the Ariel photon noise limit. The faint mode photon noise limit is, however, less stringent than 40

ppm vhr.

In the faint mode, the OGSE needs to verify Ariel’s photometric stability to the Ariel photon noise limit.
For design purposes, we defined this to be 200 ppm vhr in the IR (>1.95pum) and 60 ppm vhrin the
VIS band (<1.95 um) [101]. The method used throughout this analysis to assess compliance was to
compare to the tiger team PSD (see R-PRD-8818; Appendix C), this PSD is, however, defined for the
bright mode and must be generalised to describe the acceptable level of variability in the faint mode.
This was done by scaling the PSD by 200 ppm vhr/40 ppm vhr and 60 ppm vhr/40 ppm vhr in the
IR and VIS bands respectively. This ensures the high-frequency tail tends towards the photon noise
limit.

The source variability parameters used were the same as those described for the bright mode (Table
4), as were the assumed gain stability and colour monitoring uncertainty. The additive noise was then

tuned to give a post-correction variability that was consistent with the faint mode PSD (see Figure 54).
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Reference detector additive nose (10) 9,000 ppm /s (150 ppm vhr)

Reference detector gain nose ( 10) 1440 ppm /s (24 ppm vhr)

Source temperature monitoring relative uncertainty (1g) | 0.5K+/s

Table 7: Monitoring uncertainties used for the faint mode analysis (IR band).

Reference detector additive nose (1a) 2000 ppm /s (33 ppm vhr)
Reference detector gain nose ( 10) 1400 ppm /s (24 ppm vhr)

Source temperature monitoring relative uncertainty (1) | 2.5 K+/s

Table 8: Monitoring uncertainties used for the faint mode analysis (VIS band).
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Figure 54: Faint mode correction efficacy resulting from the monitoring uncertainties described in Table 7 &

Table 8. This is shown as the post-correction PSD of the VIS (left) and the IR (right) sources.
Similarly to the bright mode, the corrected source variability (Figure 54) can be compared to the
photon noise limit using PSD integrals. The 60 ppm vhr and 200 ppm vhr photon noise threshold
corresponds to a required PSD integral of 534ppm in the VIS and 1780ppm in the IR. The integral of
the post-correction time series has a variability of 400ppm and 1348ppm for the VIS and IR. This is
consistent with the photon noise limit with a ~25% margin. Therefore, 33 ppm vhr & 150 ppm vhr
reference detector additive noise requirements are proposed for the VIS and IR reference detectors

respectively (defined relative to the source signal in the faint mode).
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4.2.4 Source correction pipeline conclusions

The gain drift requirement (R-CAL-080) is defined in terms of post-correction noise (40 ppm vhrin the
bright mode and the photon noise in the faint mode). To verify Ariel gain drifts, the OGSE source
variability must be corrected to a level less than the Ariel stability. The purpose of this work is to place

source monitoring requirements such that a detrending pipeline can correct to this level.

In section 4.2.3.1, a correction model was presented that only utilised a broad-band reference
detector. It was found that if the sphere radiance can vary in both amplitude (as caused e.g. by
vignetting) and due to source temperature drifts, a broad-band reference detector alone was
insufficient to correct the spectrum to the level required to verify the Ariel gain noise. Therefore,
colour temperature monitoring, in addition to broad-band photometric monitoring, is likely necessary
to correct the spectrum to 40 ppm Vhr. This provides two constraints to correct the OGSE spectrum

variability.

It is still possible, however, that if three state variables are important (e.g. source temperature +
vignetting + humidity), two observables may still not be sufficient to correct to the level of 40
ppm vVhr. Though predicting the number of state variables is extremely challenging a priori. This is
best assessed by assessing the spectral dependence of the payload variability during payload EM

testing.

In section 4.2.2.5.2 a more general framework was described for combining knowledge from both
source temperature monitoring as well as broad-band photometric monitoring. Given both these
pieces of information, an adequate level of correction can be reached provided monitoring
uncertainties can be made sufficiently small (Table 9, Table 10). This defines the reference detector

noise and source temperature monitoring requirements.

IR band monitoring requirements
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Faint mode reference detector additive nose (10) 9,000 ppm /s (150 ppm vhr)

Reference detector gain nose ( 10) 1,440 ppm /s (24 ppm vhr)

Source temperature relative monitoring uncertainty ( 10) | 0.5 K+/s

Table 9: IR monitoring requirements

VIS band monitoring requirements

Faint mode reference detector additive nose (10) 2,000 ppm /s (33 ppm vhr)
Reference detector gain nose ( 10) 1,440 ppm /s (24 ppm vhr)

Source temperature relative monitoring uncertainty ( 1g) | 2.5 K+/s

Table 10: VIS monitoring requirements.

4.3 DETECTOR SELECTION

The OGSE is required to verify Ariel’s photometric stability®*. To do this, OGSE source variability must
be detrended to this level. This drives the source monitoring requirements. The OGSE gain noise
budget (section 4.2) explored a possible method of detrending OGSE source variability. This
determined the required level of colour temperature monitoring, reference detector noise and
reference detector stability. It was found that to detrend the IR source variability, the monitoring

uncertainties need to be less than the values in Table 9.

In the IR, it is planned that this source monitoring will be achieved using a broad-band InSb reference
detector (for coverage from 1.95 um to ~5.5 um). Colour temperature monitoring will be achieved by

direct monitoring of the source with a thermocouple. An additional broad-band 12 um cut-off MCT

34 40 ppm vhr in the bright mode and the photon noise limit in the faint mode (R-CAL-080).
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will provide an additional colour constraint on the source with the goal that this additional MCT also
follows the noise and stability parameters described in Table 9. This section assesses the feasibility of
using MCT and InSb detectors for source monitoring. The monitoring of the VIS source is the
responsibility of the Lisbon team and is described in [99]. Here we focus on the IR detectors (> 1.95

microns).

Various sources of uncertainty can contribute to the reference detector monitoring uncertainty. We

break these into two classes:

- Additive noise sources (sources of noise that add to the measured signal independent of the
signal). For example, dark current.
- Gain variations (sources of variability that multiply the signal). For example, QE variations &

amplification gain drifts, vignetting.

Here we focus only on quantifying the expected detector additive and gain stability given literature
data. It is assumed that the performance of the monitoring system will be limited by the detector

element. Assessment of the amplification electronics performance will be the subject of future work.

The manufacturer provides D* information on the source. However, for further information on other
effects that may impact stability, literature data must be used. This data is then used to place an order
of magnitude constraints on the expected photon noise, QE stability, dark current shot noise & dark
current drifts. Given the expected QE stability and dark current, constraints can be placed on the

sphere temperature and the temperature stability.

4.3.1 Sources of uncertainty

4.3.1.1 Photon noise

The first noise source to consider comes from the random arrival time of photons at the reference

detector. The photon noise on the reference detector will be highest (relative to the signal) in the
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OGSE faint mode (Table 3). There are also two types of detectors. The MCT has a 0.1 mm active area

and the InSb with a 0.25 mm active area.

The photon noise will be worse for the smaller 0.1mm MCT. The signal power absorbed will be on the

order ~3 x 10™° W (see Table 3). Assuming a characteristic QF of 0.7 [102] , and a characteristic

h . _
photon energy of TC where 1 = 2 um35, the measured electron flux is ®pycr = 2 X 1010 es™1,

Therefore, the photon noise-to-signal ratio is \/q);? = 7 ppm+/s = 0.1 ppm vhr.

Therefore, for both the InSb and the MCT, photon noise will contribute negligibly to the reference

detector noise budget.

4.3.1.2 D* comparison

A standard metric for detector performance is the specific detecivity. The specific detectivity D* is

defined to be:

D* = ADf (4.9)
~ NEP :

Without loss of generality, we evaluate the NEP at 1Hz. This corresponds to a 0.5 s integration time.

At 0.5 s integration time, the additive noise requirement (150 ppmx/ﬁ) corresponds to a noise-to-

signal ratio of 18000 ppm. This can then be converted to a NEP, and a required D*. These are shown

in Table 11.
Power incident on
Detector size (m) detector (W) NEP @1Hz (W) D* (cmHz%>W?)
InSb 2.50 x 10 1.66 x 10°® 2.99 x 1010 8.35x 107
MCT 1.00 x 10 2.66x10° 4,79 x 1011 2.09 x 108

Table 11: D* requirements.

% Worst case assumption for the IR band (2-8 microns)
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The manufacturer quoted D* (Figure 55) are approximately two orders of magnitude better than those

needed to meet the reference detector additive noise performance specification.
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Figure 55: Left shows the quoted D* performance for the MCT-13. Right shows the D* performance of the InSb

detector. Data from IR associates.

4.3.1.3 QE stability

To assess any further non-ideal detector characteristics, literature data must be used. An effect that
could impact the OGSE’s ability to detrend the source variability would be any drift in our detector’s
guantum efficiency (caused by a drift in detector temperature). This is of particular concern, as a drift

in QE could be mistaken for a drift in OGSE source flux.

QE drifts can be caused by a drift in the detector temperature. The QE temperature sensitivity can

then be used to place a provisional constraint on the sphere temperature stability/monitoring.

The long wave (up to ~12 um) MCT detectors were extensively characterised as a part of the EChO
mission [102, 103]. Data on the QE temperature sensitivity of InSb detectors was measured as a part

of the Spitzer mission [104].

43.1.3.1 MCT QE stability
From [102], we see that the QE of the tested MCT detectors varies by ~0.03 over 5 K (70 — 65 K).

Therefore, the normalised QE temperature sensitivity is S ~ 8600 ppm K. Since a drift in QE is seen
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as a drift in the measured signal, we require that the product of the thermal stability and the QE

sensitivity to be less than required gain stability.

To achieve 24 ppm\/H QE stability (the total stability allocation to all gain type effects), the

temperature stability/ monitoring needs to be:
SAT = 24 ppmvhr

— AT = 2.8 mK+hr
4.3.1.3.2 InSb QE stability
The temperature dependence of the InSb QE was measured as a part of the Spitzer test campaign
[104]. They quote a change in QE of <2% change over the temperature range 15 K to 35 K. Whilst this
is colder than the temperature range of interest, this can be used to predict a QE temperature

sensitivity of 1000 ppm K~1.

Given this QF temperature sensitivity, to achieve 24 ppmvhr QE stability, the temperature stability/
monitoring needs to be 24 mK v/hr.

4.3.1.3.3 Thermal stability requirement

For the InSb detectors, ~24 mK vhr stability/ monitoring would be needed to negate the impact of QE
variations. For the MCT detectors, the stability would need to be ~2.8 mK vhr. It was, therefore,

proposed that a thermal stability requirement of 5 mK vhr be defined3®. This would allow the required

% This representation of the thermal stability in terms of a stochastic temperature profile is intended to

capture any thermal ripples that are uncorrelated on timescales of hours or less (e.g. introduced by the
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stability of the InSb to be met without correction and the goal stability of the MCT to likely be met by
correction with temperature sensor data. 5 mK vhr is also the stability requirement on the focal
planes [105] so if similar amplification electronics were used, any temperature gain should be
consistent with the stability budget. The feasibility of achieving this level of stability will be discussed

in section 4.4.

4.3.1.4 Dark current shot noise

Quantum efficiency is not the only effect known to have a strong temperature dependence. The
detector's dark current may also cause temperature-correlated drifts. Dark current will also contribute

shot noise to the measurement. These effects are considered here and are compared to the total

reference detector additive noise allocation of 150 ppm vhr (defined relative to the OGSE faint target

signal, see Table 9).

4.3.1.4.1 MCT dark current shot noise

Using literature data from EChO [102, 103], the typical dark current as a function of temperature can
be estimated for the long-wave (12.5 um cut-off) MCT reference detectors. From Figure 56, at 70 K,

Lyark = 7 X 1072 A. Bounab et al. [103] measured the dark current using eighty 30 um pitch diodes

giving a total detector area of Ay, = 7.2 X 10* um?. Therefore, the dark current flux is ;‘”L" =

det®€

6.08 x 10° es™um~2.

PID thermal controller). These are expected to be particularly problematic for detrending source
variability. For ease of budgeting, it is this 5mk vhr thermal variability that is used throughout the rest
of this document. It is, however, also important to assess the impact of thermal drifts which occur on

time scales longer than the measurement.
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Assuming the dark current scales linearly with the detector area, over the 0.1 mm OGSE reference
detectors we expect a dark current of Dy,cr = 6 X 10° es™1. This is a factor of two smaller than the

predicted source signal (section 4.3.1.1).

This will result in a dark current shot noise-to-signal ratio of —g)MCT = 4.1 ppm+/s = 0.07 ppm vhr.
MCT

Therefore, the dark current shot noise will also contribute negligibly to the noise budget for the 12-

micron cut-off MCT detector.

Dark current (A)

1000/ T

Figure 56: MICT dark current as a function of temperature [103].
4.3.1.4.2 InSb dark current shot noise
For the 5-micron cut-off InSb detectors, we use data collected in the Spitzer test campaign [104], as
well as during the JWST prototyping [106]. However, this data was not measured up to 70 K. To

estimate the dark current at 70 K, the known exponential dark current scaling can be used (e.g. [107]).

D =ae” (4.10)

Data from [106] can be used to fit the two free parameters (a, b). Using the 40 K and 45 K data points
from [106] and scaling their data to the OGSE 250 um detector area gives coefficients of a =

7.23 x 102 es™ and b = 928.39 K. At 70 K this gives a dark current of 1.3 x 107 es™ for our InSb

1.3x107

detector. This gives a dark current-to-signal ratio of ————
1.18x10

= 10~%. Therefore, given the photon
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noise of the signal on the detector is negligible relative to the noise budget (section 4.3.1.1), the shot

noise from the dark current will be completely insignificant for the InSb detector.

4.3.1.4.3 MCT Dark current drifts

Shot noise, however, is not the only way dark current can cause measurement uncertainty. A more
significant source of variability coming from the dark current could be temperature-correlated dark
current drifts. To investigate this, the exponential form (equation 4.10) can be differentiated to give a

dark current temperature sensitivity.

dD _ab b b

—=me T=m3D (4.11)

ln%
b=+ 11 (4.12)

' T,

Empirical values to constrain equation 4.11 were extracted from Figure 56 (T; = 63K, T, =

53K,D; =1x 1072 A,D, = 4 X 101! A) giving a value of b = 1073 K.

Therefore, given also the dark current, D, at 70 K is 6.08 X 10% es™! (section 4.3.1.4.1), the dark

current variability caused by a AT = 5 mK vhr thermal variations will be:

dD b
= — e — 6 -1
AD = = AT = = DAT = 6,66 x 10° es™vhr (4.13)

Therefore, the dark current variability to signal ratio is: (DA—D = 354 ppmvhr
MCT

This would then need to be corrected using temperature sensor data to meet the 150 ppmvhr
additive noise goal for the MCT detector.

4.3.1.4.4 InSb dark current drifts

Similarly to the MCT detectors, the expected impact of dark current drifts can be assessed for the InSb

detectors using the known exponential dependence of the dark current (recall equations 4.10 and

4.11 and the dark current coefficients evaluated in 4.3.1.4.2). Therefore, assuming a 5 mKvhr thermal
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drift and a 70 K operating temperature, the temperature-correlated dark current drift for an InSb

detector is expected to be :

dD b
AD = — AT = = DAT = 1.23 X 10* es~t vhr (4.14)

This gives a dark current drift-to-signal ratio is:

1.23 x 10* es~ 1 vhr
1.18 X 1011es~?

= 0.1 ppm vhr (4.15)

Therefore, for the InSb detectors, dark current drifts will contribute negligibly to the additive noise

budget.

4.3.2 Detector selection conclusions

In this section, literature data was used to make an order of magnitude estimates of different noise
sources. The impact of noise sources was compared to the IR source monitoring requirements. The
sources of variability are summarised in Table 12. It was shown that the sphere radiance is sufficiently
large to make the photon noise negligible. Moreover, the sphere will be sufficiently cold to make dark
current shot noise negligible. However, it was shown that temperature-correlated QE and dark current

drifts would be significant, especially for the MCT. This analysis, therefore, motivated the need for

stringent (~5 mK vhr) thermal stability of the OGSE reference detectors.

InSb MCT
Photon noise 0.05 ppm Vhr 0.1 ppm vhr
QE drifts 5 ppm vhr 40 ppm vhr
Dark current shot noise 5x 10~* ppm vhr 0.07 ppm vhr
Dark current drifts 0.1 ppm Vhr 400 ppm vhr
D* (required/expected) 8x 107 /1010 2 x 108/ 101

Table 12: Sources of variability in OGSE detectors.

With this level of thermal stability, it was found that the InSb detector will be able to constrain source

variations to the required level. When combined with the source temperature monitoring with a
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thermocouple, this should provide sufficient information to correct the source to 40 ppm vhr (bright

mode) and thus the verification of Ariel’s gain stability.

As a goal, the OGSE also aims to provide an extra 12 um MCT detector to provide an additional colour
constraint on the source. The literature data suggests a more marginal performance is to be expected

with this detector, with dark current drifts (pre-correction) becoming important at the level of
~400 ppm Vhr (relative to the faint stellar target), and QE drifts becoming important at the level of

~40 ppm Vhr. However, given both of these effects are temperature correlated, it is likely the MCT

performance goals can be met by correction with temperature monitoring of the detectors.

4.4 THERMAL CONTROL

In section 4.3, it was shown that ~5 mK®7 stability of the detectors would likely be needed to verify the

Ariel gain stability. In this section, we will explore the feasibility of achieving mK stability.

Achieving this level of thermal stability in a time consistent with the approximately two week test

schedule raises multiple questions:

1. How long does it take for the sphere to stabilise after the initial cooldown?

37 The 5 mK +/hr stochastic representation is used for simplicity of budgeting. A 5 mK ppeak-to-
peakdrift is conservative relative to this stochastic requirement since the frequency-domain power is
biased to lower frequencies than Ariel is interested in (>10hrs). See ARIEL-OXF-PL-TN-036 for
guantitative discussion. 5 mK peak-to-peak is likely overly stringent, however, in this work the time
needed to reach this (likely overly stringent) goal after a perturbation is found to not impact the test
schedule. Therefore, in this work, we consider the integrating sphere to be sufficiently stable to

perform photometric stability measurements when the sphere reaches 5 mK of the equilibrium

temperature and has an RMS variability less than 5 mK +/hr.
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2. How long does the sphere take to stabilise after a source change?

3. Given PID parameters are found that satisfy the stabilisation timescale constraints, are these
PID parameters robust to temperature sensor noise?

4. With the chosen PID parameters, is the sphere temperature-sensitive to 6K ambient

temperature variations?

4.4.1.1 PDR illumination module thermal architecture

The illumination module PDR thermal design is shown in Figure 57. It consists of a ~70 K sphere and
optical bench which is separated from the ambient using GRP support blades. The cooling of the
optical bench is achieved using copper flex links which couple to a ~40 K cold head. The cold head and
optical bench are also both fitted with interlocking fins that provide radiative cooling of the optical
bench. Finally, there is a ~40 K shroud that directly couples to the cold head. This surrounds the whole
70 K optical bench and sphere. Thermal stabilisation is achieved by PRT monitoring and resistive

heating using a PID feedback loop. The key thermal parameters are summarised in Table 13.

Source
absorption

GRP

supports
Integrating sphere + 293K

optical bench .
ambient

40K cold tip

Figure 57: Schematic and CAD representations of the illumination module thermal design [51].

Page 143



Exchanger effective emitting area

3 m?

Black paint emissivity

0.8

Copper flex link conductance

0.28 WK x 4 (quoted at 40K)

GRP blade cross-section

60 mm X 2.5mm X 3

GRP blade thickness

101 mm

GRP thermal conductivity

0.5 WmK? (typical room temperature value —
worst case)

Sphere + optical bench + top radiator mass

36 kg

AL specific heat capacity

336 Jkg'K! (data quoted at 77 K)

Bright mode source absorption

2.75W

Ambient temperature

19°C to 25°C (set point 20°C)

Table 13: Thermal parameters assumed in the model

4.4.1.2 Illlumination module optical bench stability

4.4.1.2.1 Nodal illumination module representation

To enable thermal control simulations and PID optimisation a Simulink nodal model of the illumination

module was used. This assumed an isothermal integrating sphere and optical bench. This assumption

is motivated by the conductance across the integrating sphere being large compared to the

conductance across the flex links. Therefore, the time for thermal perturbations to stabilise across the

integrating sphere should be shorter than the time taken for thermal perturbations to stabilise across

the flex links.

The reduced nodal model includes:

e The sphere + optical bench thermal mass (36kg).

e The conductive cooling of the sphere through the copper flex links (Figure 57)

e The radiative heat exchange between the cold head and the optical bench modelled by

%Aeff(Ts‘g — T/,q) over a 3 m? effective radiating area. Where T,y = 40 K

e The conductive link between the ambient and the optical bench via the GRP support blades.

e The absorption of source flux within the sphere.
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4.4.1.2.2 PID optimisation and low-pass filtering

To control the sphere temperature a standard PID control loop was assumed. This uses the following

transfer function:

C(s)=P+1 G) +D (STS-I- 1) (4.16)

Where P, I and D are the weightings between the proportional, integral and differential termsand T
is the derivative smoothing time constant. The PID optimisation was handled using the MATLAB PID
tuning toolbox. A solution was chosen that prioritised a rapid response at the cost of overshoot. This

gave the following provisional parameters:

P 124 WK

| 0.237 WKs? (853 WKhr?)

D 60,000 WsK™ (16.7 WhrK™)

T 300 s (0.08 hr)

Table 14: Provisional PID parameters used in this stabilisation analysis.

However, with these parameters (Table 14), it was found that 5 mKvhr temperature sensor noise3®

caused large heater power variations (~30 W variability®®, relative to a ~35 W steady-state). Whilst the

sphere thermal mass does smooth the short timescale power variability to an acceptable level (5

mK+/hr ), this power variability could be a source of EM noise.

The output power variability was primarily caused by the proportional term in the above expression
(equation 4.16). To overcome this, a low-pass filter was added to the control loop. To set the

smoothing time constant of the low pass filter, a noise-free simulation was run without the filter added

38 5 mK vhr temperature sensor noise was chosen as this is the worst-case noise that is consistent with

stabilising the sphere to 5 mK /hr.

% When a 1 minute update time was used
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(Figure 58). The system was initially in equilibrium with the bright target sphere radiance. The source
was then shuttered reducing the source flux absorbed by the sphere to zero. It was found that the
system stabilises in ~20 minutes. This was therefore used as the characteristic timescale, below which
any variability can reasonably be assumed to be noise. Therefore, 20 minutes was chosen as the

smoothing time constant for the low pass filter.
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Figure 58: Unfiltered, noise-free, simulation of the thermal stability when the source is changed from the bright
target to the dark.

The filter makes the system more robust to noise, however, it is detrimental to the response time. The

impact on the stabilisation time can be seen to be small by comparing (Figure 58 — unfiltered & Figure

61 — filtered).

The parameters in Table 14 were then used to assess the initial stabilisation time, the stabilisation

after a source change and the robustness of the PID controller to noise.
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4.41.2.3 Initial cooldown

Members of the wider OGSE team conducted a preliminary FEA analysis to assess the time it will take
for the sphere to go from ambient to 70 K (see [51]). It was found that it would take ~2 days for the
cooldown to occur. However, the time taken to reach the required level of thermal stability is also an
important consideration. The planned procedure for cooldown is to allow the sphere to cool with the
heaters turned off until the sphere reaches close (e.g. ~2 K) to the planned 70 K operating
temperature. At this point, the PID control system will be activated such that the sphere tends to this

equilibrium point.

To assess the stabilisation, a 72 K initial condition was applied to the sphere and the PID controller
was used to bring the sphere temperature to equilibrium. The resulting time series is shown in Figure
59. The sphere stabilises to 5 mK after ~2 hrs. Given it is not planned to perform a gain stability test at

the beginning of the sequence, the initial stabilisation should not cause problems for the test schedule.
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Figure 59: Top - temperature as a function of time for the initial stabilisation of the illumination module. A
horizontal 5 mK dashed line is shown and a vertical dashed line shows the time at which the sphere stabilises to
less than 5 mK of equilibrium. Also shown is the power supplied by resistive heaters that are used to stabilise

the system.
4.4.1.2.4 Thermal drifts due to a source mode change
Due to the need for a flight-like spot size, the OGSE uses a small (50 um) pinhole at the sphere exit.
This in turn drives the need for a large radiance within the sphere (see Table 3). When observing the
VIS and IR sources simultaneously in the bright mode, the flux absorbed by the sphere is expected to
be ~2.75 W. When the sources are shuttered the absorbed source flux becomes zero. This change in

flux may introduce thermal drifts within the integrating sphere.

This was simulated using a 2.75 W step change in the sphere load. The resulting thermal drifts can be
seen in Figure 60 and Figure 61. Even in the worst case when we are changing between the bright and
dark observing modes, the peak-to-peak thermal drift is only expected to be ~10 mK. Moreover, the

system stabilises to 5 mK in ~20 minutes. Therefore, given the limited number of tests that will require
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the 5 mK vhr stability, 20-minute stabilisation after a source change is not expected to significantly

impact the schedule.
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Figure 60: Sphere temperature as a function of time after a step change in source flux is added.
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Figure 61: Sphere temperature as a function of time after a step change in source flux is added.

4.4.1.25 Temperature sensor noise

When tuning the PID parameters, there is a trade-off between rapid response and robustness to noise.
We have demonstrated that the PID parameters provide a sufficiently rapid response for cool down
and a source change (Figure 59, Figure 60 & Figure 61). Here we will assess if the PID parameters were
robust to temperature sensor noise. At the time of performing this analysis, the sensor noise floor was
still to be measured. However, given the need to stabilise to 5 mK vhr, the temperature monitoring
noise floor will need to be better than this. We, therefore, choose the temperature monitoring noise
to be 2.5 mK vhr. This was implemented in the model as 150 mK stochastic noise evaluated at 1 s

integration time (Figure 62).
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Figure 62: Sphere temperature vs time when temperature sensor noise is added to the monitoring system.

+5mK dotted lines are also shown.

It was found that with 2.5 mK vhr temperature sensor noise, 3.4 mK sphere temperature stability at
1 hr integration time can be obtained (Figure 62). This is only marginally worse than the noise floor
and consistent with the 5 mk v/hr requirement. Therefore, the provisional PID parameters are seen to

be robust to the expected temperature sensor noise.

The lakeshore model 336 was chosen to perform temperature monitoring and control. This quotes 1
mK stability when using a PRT at 77 K for “an ideal thermal system”[108]. This further indicates

temperature sensor readout noise will not limit thermal control accuracy.

4.4.1.2.6 Ambient temperature variations

The RAL test facility quotes large (6 K) variations in the ambient thermal environment [109] in the
clean room area that services the 5 m diameter test chamber. The final effect to check is, therefore,

whether the 6 K ambient variations will propagate onto the optical bench. The optical bench is
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supported from the ambient with 3 GRP blades. Changes in the ambient temperature will change the
conductive flux along these supports, potentially leading to temperature variations in the optical

bench.

The RAL test facility quotes 19-25°C temperature range [109] (20 °C setpoint) for the room
temperature. Here we assume the functional form of this drift is a saw tooth i.e. the temperature
gradually drifts up until a temperature threshold is met then the AC switches on rapidly bringing the

temperature down to a lower threshold.

The sphere temperature variations that result from the ambient drift are shown in Figure 63. One can
see that the sphere temperature perturbations are ~0.2 mK so are negligible relative to the 5 mK

requirement.

There is the possibility that ambient temperature variations could change the efficiency of the cold
head compressor causing variability in the 40 K boundary condition. The impact of this is best assessed

by testing. In the event, that this is a problem, a two-stage stabilisation scheme could be implemented.
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Figure 63: Sphere temperature vs time when 6K ambient drifts are included.

4.4.1.3 Thermal control conclusions

To assess the stabilisation of transient effects, a nodal thermal model of the illumination module
optical bench was created. A provisional set of PID parameters have been shown to be sufficiently
aggressive to correct perturbations in a reasonable time frame (hrs) whilst being robust to

temperature senor noise & expected flux perturbations. It was also shown that these PID parameters

can stabilise 6 K ambient temperature variations to a level constant with the 5 mK vhr requirement.

For the initial cooldown, ~2 hr stabilisation (plus ~2 days to reach ~72 K from ambient) would be
needed to reach the level of stability needed to perform gain stability measurements. After a source
change, ~20 minutes of stabilisation would be required to reach 5mK stability. The source change

introduced a 10 mK peak-to-peak drift which is expected to be negligible for all tests that do not

require 40 ppm vhr source correction.
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Therefore, given: (1) the photometric stability tests are not planned to be conducted at the start of
the test sequence, (2) the small number of tests that require 40 ppm Vhr source correction (only end-
to-end noise budget tests), and (3) the 20-minute stabilisation time after a source change, neither
stabilisation after a source change nor the initial cooldown is expected to significantly impact the test

schedule.

It is planned to produce a Structural-Thermal Model (STM) of the illumination module integrating
sphere which will allow validation of this thermal control model and further optimisation of the PID
parameters. It will also allow the assessment of any spatial thermal waves which are not included in

this model.

Further optimisation of the PID parameters will be the subject of future work however it will be shown
that these parameters provide a sufficiently fast response time whilst being robust to expected noise

sources & perturbations and, therefore, provide a satisfactory baseline.

4.5 CHAPTER SUMMARY

In section 4.2, the requirement to verify the Ariel gain stability was flowed to OGSE source monitoring
requirements. To do this requirement flow, a source variability and correction model was created and
incorporated within the ExoSim framework. It was shown that to correct the OGSE source variability
to a level less than the Ariel noise floor (40 ppm Vhr - bright mode only), high-stability OGSE reference
detectors would be required as well as source temperature monitoring. The required levels of stability

and noise for the OGSE reference detectors are described in Table 9 & Table 10.

To enable the selection of the OGSE detectors, a literature review was then conducted to assess the
likely performance of the InSb and MCT detector candidates. It was shown that these detectors will
exhibit a noise performance consistent with verifying the Ariel noise floor. However, the temperature

dependence of the quantum efficiency was identified as a key effect. Since the QE is degenerate with
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the source flux, drifts in QE could cause spurious measurement of the source variability. To achieve

40 ppm Vhr monitoring it was shown that 5 mk vhr stability of the detectors was required.

Achieving 5 mk stability on hr timescales is challenging, so an assessment level of the achievable
thermal stability was made. It was shown that PID parameters exist which can stabilise transient

effects in a reasonable time (20 minutes) whilst being robust to temperature sensor noise.

The Ariel gain stability test has therefore been flowed to requirements on the source monitoring, as
well as thermal control requirements. The feasibility of meeting these requirements has also been

assessed.
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5 THERMAL REQUIREMENTS, DESIGN, AND ANALYSIS

An effect that can affect transit spectroscopy is dark current. It is required The Ariel dark current at
payload-level testing (R-CAL-060, see appendix C). There are two contributing factors to the payload
dark current: thermally liberated electrons within the detector, but also thermal backgrounds within
the payload instrument cavity. The detector's dark current will be verified at lower levels (component,
unit and sub-system level). However, the instrument cavity emission, in a flight-like thermal

environment, is uniquely testable at payload level.

Both sources of dark current cause a spurious signal that adds to the stellar signal. This is primarily of
importance due to possible photometric errors it may introduce, leading to uncertainty in the
measured transit depth. The stochastic liberation of dark current electrons will contribute shot noise
to science frames. Additionally, the dark current could drift causing a change in the measured signal.
Dark current is a term in the payload noise budget, the sum of which must be correctable to ~tens of
ppm to enable the detection of atmospheric spectral features. It is for this reason that the OGSE will

verify the dark current at payload-level testing.

The payload dark current will be measured with the OGSE output shuttered. This is enabled by a flip
mirror that relays the payload line of sight to a cryogenic beam dump (see section 6.2.4.1 for further
details). Thermal emission from the beam dump, as well as any optics after the beam dump will lead
to an additive signal that may not be distinguishable with the payload dark current. Therefore, for the
OGSE to be able to verify the Ariel dark current, we require the thermal emission from optical surfaces

+ the beam dump (Figure 19) to be comparable to or less than the Ariel dark current®,

40 Ensuring OGSE emission is less than the payload dark current also ensures that OGSE emission will

not significantly impact any of the other calibration measurements.
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Demonstrating that the OGSE design is compatible with testing the payload dark current will be the
subject of this chapter. Firstly, analysis will be presented to determine the required temperature of
the optics. Secondly, thermal designs will be presented as well and FEA modelling will be used to
assess if the optics will reach the required temperature. Finally, the impact of thermal stray light will

be assessed.

The thermal requirements were derived for SRR and are reported in [110]. The stray light analysis is
reported in [111]. The illumination module thermal design and analysis is ongoing work in preparation

for CDR.

5.1 EXOSIM DARK SIMULATIONS

The requirement to have OGSE emission less than the payload dark current then must be flowed to
thermal requirements on the OGSE beam dump and mirrors. To achieve this, the author added a
module to an Ariel end-to-end simulator (ExoSim [92]). This allowed simulated focal plane spectra to
be generated for different OGSE mirror temperatures. This was then used to address 3 design

questions:

(1) To enable full aperture illumination, can a mirror with a room-temperature optical surface be
used as a part of the OGSE?

(2) If not, what temperature do all the OGSE mirrors need to be cooled to?

(3) Is a shutter mounted on the illumination module optical bench cold enough to be used for
dark observations or is there a need for a separate dark target e.g. mounted on the ~40K

shroud?

To simulate the OGSE thermal emission, a modified ExoSim implementation was used. A description
of the ExoSim is contained in [92]. A summary of ExoSim, as well as a description of the OGSE modules,

is described in Chapter 4. ExoSim was used to predict the signal generated from thermal photons and
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was evaluated in AIRS CH1. The magnitude was compared to Ariel’s detector dark current

requirements (<1 e'pix‘ls_l; R-PRD-8813).

5.1.1 ExoSim thermal background results

5.1.1.1 The Euclid mirror

The first of the three questions was motivated by the possible use of a 1.2 m flat mirror from the Euclid

test campaign (near IR ESA mission [112]).

As discussed in Chapter 6, the sub-aperture OGSE design + beam expander significantly compromises
multiple tests including the telescope to focal plane alighnment, the payload PSF and stray light
verification. These are tests that are only fully verifiable at payload level. The decision to go to a sub-
aperture beam was mainly programmatic due to the cost of a 1 m cryo-compatible OAP. All avenues

were therefore explored to obtain a full aperture mirror.

A 1.2 m collimator built for the Euclid mission ground test campaign could allow full aperture
illumination of M1 under vacuum and cryo conditions. However, to maintain WFE and alignment, the
Euclid collimator mirror was designed to operate in the temperature range of 286 — 294 K. At Ariel’s

operating wavelengths (up to 7.8 um) this will produce a significant thermal background.

A priori it was not expected to be able to do low signal level testing, such as dark current
measurements, with an ambient mirror. However, dark current can be partially verified at sub-system
levels. Sacrificing dark current testing for PSF, alignment and stray light verification of the payload
would likely be a worthwhile trade. The open question was whether an ambient mirror would prevent

any functional testing in Airs CH1.

It was assumed that the Euclid collimator’s optical surface would be maintained at 290 K and has a
black body spectral radiance with an emissivity of 0.03. The resulting thermal signal in AIRS channel 1
is shown in Figure 64. This simulation only included the Euclid mirror thermal background, with no

source. No other noise sources were applied.
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Figure 64: AIRS channel 1 focal plane electron flux due to the thermal background. The wavelength range in

this channel is 8.15um to 3.46 um with the longwave end being on the left side of the array.

The electron flux due to the Euclid mirror reaches 3 x 10° e'pix~1s™! (Figure 64). Airs CH1 has a full
well depth of 50,000 electrons (R-PRD-8814). The detector would therefore saturate in 0.02 s. This is
faster than the 10 Hz maximum readout rate of the detector. The detector would, therefore, likely be
in-operable with an ambient mirror. For this reason, the sub-aperture cryogenic configuration

remained the baseline (see 1.4.4.1).

5.1.1.2 Mirror temperature requirements

Given the thermal background from the Euclid mirror is significantly (~10° X) greater than the AIRS
CH1 dark current, the immediate question is how cold does a mirror need to get for the dark current
to be verified? To explore this a series of focal plane images were generated using ExoSim for a range
of mirror temperatures (e.g. Figure 64). From these images, the electron flux as a function of
wavelength was calculated (Figure 65). Figure 65 shows that the mirror temperature needs to be less

1s=1 (for an optical

than or comparable to ~80 K for the thermal background to be less than 1 e pix™
system with a single mirror). A budget that includes the thermal contribution from all OGSE optical

surfaces is discussed in section 5.1.1.4.
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Figure 65: AIRS channel 1 focal plane electron flux as a function of wavelength, plotted for a range of mirror

temperatures. Also plotted is a 1 e pix_1s™* horizontal line.

mirror temperature 100 80 70 60 50 40

(K)

7.8 pm thermal 9.9 0.099 0.0037 45x10° 9.7x10% 9.7x10%?
signal per mirror (e’

pixlst)

Table 15: peak thermal signal per mirror for a range of mirror temperatures.

5.1.1.3 Dark target temperature requirements

During dark observations, the payload line of sight is pointed at a black-painted** a-focal beam dump
(see section 6.2.4.1). To place thermal constraints on the beam dump, the analysis described in section
5.1.1.2 was re-evaluated for a dark target. From Figure 66, the thermal emission becomes negligible

compared to the dark current at target temperatures less than ~70 K.

10.94 emissivity assumed.

Page 160



10

102
105}
108}
1011 b
1014 |

1017 |

Electron flux (e pix's?)

1020 |
1023 |
10726 L

10722 |

Wavelength (um)

Figure 66: AIRS channel 1 focal plane electron flux as a function of wavelength, plotted for a range of dark

target temperatures. Also plotted is a 1 e pix~*s™* horizontal line.

Target temperature 100 80 70 60 50 40
(K)
7.8 um thermal 310 3.1 0.11 1.4x10% 3.0x10°% 3.0x107%°

signal (e'pixs?)

Table 16: peak thermal signal for a range of dark target temperatures.

5.1.1.4 Mirrors + dark target temperature budgeting

Since the mirrors’ emissivities are <<1, the thermal signal from each mirror will add approximately
linearly. After the beam dump, there are 7 illumination module mirrors (Figure 20), 2 periscope mirrors
(Figure 21) and 6 beam expander mirrors (Figure 22). By inspecting Table 15 & Table 16 a budget can

be constructed.

The beam expander is accommodated on the Telescope Optical Bench (TOB) which is cooled to ~55 K
[37]. The beam expander will therefore contribute negligibly to the thermal emission budget

(10~7 e pix~ts~1 per mirror).

For simplicity, we assume the same thermal requirement for the illumination module and the

periscope. An 80K beam dump would already exceed the thermal requirement (1 e’pix 1s™1). A70 K
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beam dump + 9 mirrors would contribute 0.14 e pix~1s~1. Therefore, A 70 K requirement was placed

on all OGSE optics.

This 70 K mirror temperature requirement ensures the payload dark current will be verifiable at
payload level. Moreover, this ensures OGSE backgrounds are less than the payload backgrounds
(thermal emission + dark current), enabling the same signal-to-background ratio during ground testing
as in flight. This ensures diffuse backgrounds from OGSE mirrors will not impact the verification of

other calibration products.

5.2 ILLUMINATION MODULE THERMAL DESIGN

In the previous section (5.1) it was shown that to enable testing of the payload dark current, the OGSE
optics must be maintained at <70K. In this section, the thermal design of the illumination module to
enable the low background testing will be discussed, as well as finite element analysis to assess

compliance. The author’s responsibility was the thermal re-design between PDR and CDR.

The PDR thermal design, led by the wider OGSE team, is shown in Figure 67 and is discussed further
in [51]. The design was based on a 3.5 m?radiator. This radiator exchanges heat from the optical bench
to the shroud. The shroud was cooled conductively by the cold head. To improve the cooldown time,

copper flex links were used to provide additional cooling of the optical bench.
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Figure 67: Thermal architecture at PDR [51].

5.2.1 Illumination module thermal architecture

5.2.1.1 Post-PDR design evolution

The updated illumination module thermal architecture is shown in Figure 68. The updated thermal
design was driven by the need to accommodate the significantly larger optical bench (1.1 m? vs
0.3 m?). The motivation for the enlarged bench will be discussed in chapter 6. As before, the
illumination optical bench is enclosed in a cryogenic radiation shield. Cooling of the shroud is achieved
by a closed loop RDK-500B cold head which is hard mounted to the base of the shroud. The optical
bench is then conductively cooled from the shroud via flexible copper links. Beyond the change in
scale of the system (1.1 m? vs 0.3 m? optical bench), the main change between the PDR and CDR

design was the removal of the radiator.
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Figure 68: Simplified CAD for thermal simulations.

The decision to remove the radiator was based on (1) the steady-state performance and (2) the
thermal mass. In the steady state, the radiator dissipated 4 W. For comparison, the copper flex links
dissipated ~20 W. Therefore, in the steady state, the radiator performance is negligible compared to

the flex links.

The second motivation for removing the radiator was the thermal mass. In the PDR design, the mass
of the optical bench was 15 kg. The radiator weighed 20.9 kg. Whilst the radiator does dominate the
cooling of the optical bench at ambient temperatures, helping the cooldown time, this effect is offset

by the considerable increase in the thermal mass of the system.

Therefore, based on the driving thermal mass, and negligible steady-state performance, the decision
was taken to remove the radiator from the design. The deep (50 mm) and narrow, (15 mm)
interlocking fins were also expected to be challenging to machine, coat and assemble. The radiator

removal was, therefore, also a considerable reduction in complexity.
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5.2.1.2 Micro-vibration implications on the thermal design

The thermal design shown in Figure 68 is largely driven by micro-vibration isolation considerations.
The cold head will be a significant source of micro-vibrations. If these are transmitted onto the optical
bench this could lead to jittering of the OGSE spot on the focal planes. Ariel’s narrow (~30”’) FOV makes
pointing jitter of particular concern for this mission. ~1 arcsecond optical bench stability is required to
not cause significant pointing jitter*?. The system has, therefore, been designed to minimise the
coupling of micro-vibrations onto the optical bench. Micro vibrations were the original motivation
behind the complex radiator concept. This later evolved into a hybrid radiative-conductive design and

finally a solely conductive design.

The support structure to enable the micro-vibration isolation is being developed in collaboration with
Bob Watkins and is shown in Figure 69. The cold head is supported and hard-mounted to the
illumination module chamber. The chamber is, therefore, expected to be vibrationally noisy. Similarly,

the shroud is hard mounted to the cold head, so must also be isolated from the optical bench.

To enable this isolation, the optical bench bipods pass through holes in the shroud. The base of the
bipods then passes through the chamber via flexible bellows. The base of the bellows is then
supported off the RAL seismic block. The chamber is separately supported by a frame that straddles
the seismic block and is held up by the structural ground. In this way the optical bench floats with

respect to the chamber.

42 Small compared to the spot size.
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Figure 69: micro-vibration isolation schematic representation

This micro-vibration concept has thermal implications. It drives the need for separate quiet and noisy
support supports within the chamber as well as the need for flexible straps to connect the shroud to

the optical bench. The cross-section of these straps has been minimised to avoid vibration coupling.

5.2.1.3 Thermally important structural components

The optical bench is supported by low-conductivity G-11 bipods (Figure 68). For simplicity, the GRP
and titanium end caps duplicate those designed for the target projector. The titanium end caps feature
flexures to account for the thermal contraction of the optical bench. Initially, the simplest solution of
three vertical GRP posts was explored. However, a modal analysis showed this would lead to a wobbly
optical bench with low (<10 Hz) eigenmodes. Therefore, a bipod solution was adopted. The bipod
concept suppressed the low-energy rotation modes whilst maintaining the radial compliance required

to account for the thermal contraction of the optical bench.

Separate supports are required for the shroud assembly. Since the cold head is fixed to the chamber
and the shroud, the shroud supports need to be vertically compliant to account for the contraction of
the cold head. The shroud is, therefore, supported using low-conductivity stainless steel springs

(Figure 68).
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In addition to the conductive interfaces provided by the supports, flex links and cold head, there are
significant radiative interfaces. The shroud is accommodated within an ambient chamber. The shroud
features ~100 mm holes to allow the injection of the sources into the sphere (Figure 68). There are
also holes in the shroud surrounding the bipod feet. These holes are oversized to account for the
required £2 cm adjustment range of the optical bench. The sphere input and bipod holes both lead to

radiative load on the optical bench.

At the output of the optical bench, there is a baffle tube. This is fixed to and cooled by the OGSE
shroud. This tube extends to the OGSE gate valve where it is met by an opposite-facing baffle tube
(Figure 68). The second baffle tube segment is mounted to and cooled by the RAL liquid nitrogen

shroud.

To minimise the radiative load, the outside of the shroud and baffle tube will be coated in Multi-Layer
insulation (MLI). To reduce stray light, the optical bench, the interior of the shroud, and the inside of

the baffle tube will be coated in Aeroglaze Z307 high (~0.85) emissivity paint.

5.2.2 Illlumination module thermal FEA analysis

5.2.2.1 Boundary conditions & material properties

A COMSOL finite element model was then used to assess the thermal performance of the design
(shown in Figure 68). Also simulated, but not shown above, was the OGSE illumination module
chamber. The chamber interior was assumed to have a surface emissivity of 0.2 and was held at a

uniform 293 K.

The cold head performance was explicitly modelled as a flux boundary condition with a temperature-

dependent cooling power shown in Figure 70.
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Figure 70: RDK-5008B cold heat cooling power [113]. The two curves shown correspond to different power
supply frequencies.
The temperature of the RAL baffle tube is somewhat uncertain but is known to be somewhat greater

than 77 K. This was nominally simulated at a fixed 100 K temperature.

Many materials show considerable variation in conductivity and heat capacity at cryogenic
temperatures. The assumed heat capacities and conductivities are shown in Figure 71 and Table 17.
In the absence of heat capacity data for AL 6082 and 1050, temperature-dependent heat capacity data
for 6061 was assumed. However, [114] shows a negligible change in heat capacity between vastly
different grades of AL (3003, 5083 & 6061) so the use of 6061 heat capacity data is not expected to be
a dominant source of uncertainty®. Aluminium dominates the thermal mass of the system (tens of
kilograms vs hundreds of grams of other materials), therefore room temperature heat capacities were

assumed for all materials with negligible mass. In all cases, temperature dependant thermal

43 The heat capacity is only an issue for the cooldown time. The uncertainty in the cooldown time is
dominated by the mass missing structural members/ additional lightweighting that could be possible

to the current design.
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conductivities were used. In cases where thermal conductivity data was not available for the specific

grade, the closest available grade was assumed. This included the use of AL 1100 data for AL 1050 and

the use of AL 6061 in place of AL 6082.

The assumed surface properties are shown in Table 18.

Figure 71: Material properties used in the FEA model. References are provided in Table 17. (Figure redacted

from ORA version)
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Material Conductivity Heat capacity

Aluminium 6082 Temperature-dependent Temperature-dependent
function from [115] function from [116]

AL 1050 Temperature-dependent Temperature-dependent
function from [117] function from [116]

P6 504 copper strap (100mm | Temperature-dependent 386 Jkg'K?

length) from TAl function from [118]

G-11 Temperature-dependent 999 Jkg'K?

function from [116]*
17-7 Stainless steel Temperature-dependent 480 JkgK?
function from [116]%
Ti 6AL4AV Temperature-dependent 529 Jkg'K?
function from [116]
Table 17: Assumed material properties

Material Emissivity Reference

Aluminium 0.2 [37]

GRP 0.84 [37]%

Steel 0.5 Grade/ roughness were not
yet defined however this
material has a tiny
contribution to  thermal
balance

Titanium 0.5 Grade/ roughness were not
yet defined however this
material has a tiny
contribution to  thermal
balance

MLI 0.02 [119, 120]

Aeroglaze Z307 0.85 [121]

4 Data for G-10
4 Data for grades 304/ 316

46 Reference for CFRP

Table 18: Assumed emissivities
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5.2.2.2 Simple shroud-only model

Early simulations focused only on the shroud assembly, without the optical bench present in Figure
72.These were primarily used to get an intuition for the flux balance of the system and the anticipated
gradients. Initially, it was still TBD the AL grade that would be required so a temperature-independent
150 WmK* was applied. Initially, a 1 cm thick uniform baseplate was assumed (shown in Figure 72 —
Left). The uniform baseplate shows 30 K gradients between the cold head and the warm side of the
copper flex links. Such gradients would be incompatible with a 70 K optical bench (R-OGSE-ILL-0070;

Appendix C). Therefore, it was clear the baseplate design needed to be optimised to minimise

65
{ 60
! 55
J 3 50
15
10
35

Figure 72: Shroud gradient mitigation (temperatures in K).

gradients.

For a constant heat flux, the gradient scales as the inverse of the cross-sectional area. For a flat metal
base plate and a radial flux, the conductive cross-section is a cylinder with an area that scales as the
distance from the cold head squared. It is this inverse square cross-section scaling that gives rise to
the vast gradients close to the cold head (Figure 72-left). An improved baseplate would, therefore,
have a cross-sectional area independent of the radius from the cold head. This inspires the radial
design shown in Figure 72 — centre. This provided a 7 K improvement to the gradient, however, it was
clear that a thermally optimised aluminium grade would also be required. Figure 73 shows the
conductivity of different grades of aluminium. 6063 was preferred as this is sufficiently rigid to be used

for structural members whilst having a conductivity only marginally less than pure 1000 series
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Aluminium. The results with improved lightweighting and 6063 conductivity are shown in Figure 73 —

Right showing gradients could be made negligible.

The simple, shroud-only model highlighted that radiative loads on the shroud (even with MLI) would
cause considerable gradients and that the conductive path will need to be optimised to enable at 70K

bench (Figure 73).
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Figure 73: Thermal conductivity of different grades of AL from [122].

5.2.2.3 Full illumination module geometry

Having assessed the thermal balance of the shroud, the next step, was to incorporate the full geometry
of the optical bench and support structure (shown in Figure 68). The resulting temperature
distribution is seen in Figure 74. With this design the optical bench reaches 90 K. This is 20 K above

the required temperature.

Part of the reduction in performance between Figure 74 and Figure 72 is due to a switch in the AL
grade. Due to limited supplies of large enough plates AL 6063, a hybrid solution was needed. AL 6082
would be used for structural members of the shroud and 5mm sheet 1050 would be used for thermal

performance.
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In this version, the cold head reaches 38 K. However, due to gradients along the shroud, the cold side
of the copper strap (Figure 68) reaches 62 K. There is then a further 28 K temperature increase across

the strap giving a 90 K bench.
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Figure 74: Equilibrium temperature distribution. The lower plot is re-scaled to emphasise the thermal

distribution across the shroud (temperature shown in K).

A combination of measures could be used to bring the optical bench to below the required 70 K. By
increasing the 1050 thickness in the baseplate, gradients can be reduced. However, the shroud already

weighs 83 kg*, with the baseplate already contributing 33 kg of that. Significantly changes to the

4" This should be seen as a minimum mass at this stage. At the time of thermal modelling, certain

structural members were still to be defined (including the baffle tube support).
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baseplate thickness are therefore not an insignificant mass driver. This has cooldown time
implications. An alternative approach would involve routing the optical bench thermal flux via a path
independent of the shroud. This would reduce the temperature gradient between the cold head and

the copper strap without a major mass increase.

In combination with the measures to reduce cold head to straps gradients, the delta T across the straps
also needs to be reduced. A factor of approximately two increase in strap cross-section should give an
acceptable AT across the strap (~15 K). These two measures would likely bring the optical bench to

acceptable temperatures.

5.2.2.4 Illlumination module flux balance

In addition to thermal gradients, the flux balance of the system is the other driver of the steady-state
temperature distribution. The cold head exhibits a temperature-dependent cooling power (Figure 71)
By reducing the parasitic loads on the system, the cold head temperature could be reduced. To assess

if any parasitic loads could be optimised, a thermal budget was created. This is shown in Table 19.

In most cases, thermal loads were evaluated by integrating conductive fluxes over key interface
surfaces. In the case of the radiative load on the optical bench, this was not possible to determine by
direct flux integration so it was estimated by differencing the total cooling power of the optical bench
from the conductive load from the GRP supports. Cooling of the optical bench is provided by the
copper straps as well as radiative emission from the bench. At 90 K, this corresponds to 13.6 W and

7.4 W respectively.

The steady-state temperature profile was evaluated with the sources and thermal control heaters
turned off. Further margin must be added to account for the source flux (~3 W; Table 3) as well as the

thermal control heaters (~10 W was assumed).
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Load Power (W)

Baffle tube (radiative) 20.6
Top/base shroud panel (radiative) 9.6X%2
Front/ back shroud panel (radiative) 4.7X2
Side panels(radiative) 4.4%2
Bipods 2.64%3
Radiative load on the optical bench 13.1
Spring supports 1.1x4
Cold head cooling -91

Table 19: Thermal fluxes estimated from COMSOL

Table 19 shows that the dominant loads on the system are all radiative. In particular, the balance is
being driven by the load from the ambient chamber walls onto the MLI-covered shroud.
Unfortunately, this means the model results are extremely sensitive to the assumed effective
emissivity of MLI. The effective emissivity is notoriously hard to predict for the following reasons: In
addition to the layer material and number of layers, the effective emissivity depends strongly on the
inter-layer conduction as well as edge effects. Inter-layer conduction strongly depends on
compression due to e.g. corners, as well as fastening points [119, 120]. All of these effects make the
MLI effective emissivity hard to predict (by at least an order of magnitude [123]). In this analysis, an
effective emissivity of 0.02 was assumed this was measured by [119] and is the value recommended
for design by [120]. The effective emissivity remains the driving source of uncertainty in the steady

state temperature profile.

Page 175



5.2.2.5 Cooldown time

In addition to the steady state temperature distribution, the cooldown time must be assessed. The
illumination module cooldown time is being driven by test time considerations in Oxford. A couple of
days is seen as the maximum feasible cooldown before this timescale will considerably impact optical
and calibration testing in Oxford. The predicted cooldown time is shown in Figure 75. The results show

a ~7-day cooldown time — longer than would be desirable.
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Figure 75: Cooldown time. The cold head temperature is shown in blue. The optical bench is shown in green.

5.2.2.6 Conclusions

The steady-state analysis showed a non-compliant thermal profile. However, solutions were proposed
that would likely bring the optical bench temperature into marginal compliance. Of greater concern is
that the flux budget is entirely driven by the highly uncertain MLI performance and the (un-tested)
cold head power. This would only be de-risked by test when the full illumination module was
constructed. In addition, the cooldown time is likely considerable (~7 days) with this single-stage
thermal design. Because of the MLI risk and the cooldown time, an alternative solution is currently

under consideration.
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The alternative design uses liquid to cool the shroud and the cold head only to cool the optical bench.
The vast ambient radiative load would therefore be dissipated by the liquid nitrogen. The load on the
cold head would then be considerably reduced (~30 W total load) and would be less uncertain as this
is not driven by the MLI performance. Liquid nitrogen cooling of the shroud would also significantly
help the cooldown time which is currently driven by the thermal mass and the cooling power of the
cold head (Figure 70). The trade-off between the two-stage liquid nitrogen design and the single-stage

cold head design is the subject of immediate future work.

5.2.3 Target projector thermal design

The target projector has a comparably simple thermal architecture. The optics are supported on a cold
(~70 K) table (Figure 76). This table is supported from the ~ambient trolley by a low conductivity GRP
hexapod. The target projector is fully enclosed in a ~40 K shroud and has only small view factors of
ambient surfaces (e.g. the target projector feet). The target projector is in a radiative-conductive
balance with the dominant load coming from conduction along the GRP supports. This is balanced

against thermal emission from the target projector table and mirror support structure.

e )
| 2
z

Figure 76: Early iterations of the target projector design (CAD by Rory Evens) [51]. Left shows the initial

conceptual design as SRR. Right shows the updated, thermally optimised, table.
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To study the thermal performance of the target projector, a nodal thermal model of the target
projector was created. This was then used to validate and understand the detailed RAL FEA model*®

of the target projector within the CTR enclosure.

The nodal model assumed an isothermal optical bench. The optical bench + table radiatively
exchanged flux with the 40 K shroud over a 1.75 m? effective radiating area. The conductive load
along the GRP posts was represented as a 1D conductive heat flux. The magnitude of the conductive
load is determined by the combined cross-section of all GRP rods (0.0014 m?) and the GRP length (0.4
m). To resolve the temperature-dependent thermal conductivity of the GRP, 7 nodes were used along

the length of the GRP.

In addition to the conductive load on the table, a radiative short was also included. This modelled the
radiative coupling between the ambient and cryogenic triangles seen in the table design (Figure 76-

Left).

Early iterations of the target projector showed a non-compliant temperature (~92 K). This was
significantly higher than the GRP conduction limited performance of the system. This indicated the
presence of a significant radiative load on the upper table. This was mitigated by two factors: (1) the
addition of a separator plate to prevent line of sight between the target projector and the
approximately ambient payload PIP plate. Secondly, the results showed a significant radiative short
between the ambient and cryogenic support triangles. To reduce this, the surface area of the lower
support triangle was considerably reduced (Figure 76). The combination of these two measures

brought the target projector into the conduction limited regime.

48 FEA modelling conducted buy Samuel Tustain and Ediz Tunarli
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The nodal model, however, also highlighted that even in the conduction-limited case, the target
projector would still have marginal thermal performance (~75 K relative to a 70 K requirement).
Because of this, two further design changes were made: (1) a factor of four reduction in the GRP cross
section and (2) filling in the target projector table to give the teardrop shape shown in Figure 76. The
teardrop increased the effective radiating area of the target projector from ~1 m?to ~1.75 m?. The
combination of the GRP optimisation and the enhanced radiating area brought the predicted
equilibrium temperature from 75 K down to 59 K*. This provided ample margin relative to the 70 K
requirement, including the margin required to add thermal control heaters. This design was,

therefore, assumed at PDR.

5.3  THERMAL STRAY LIGHT DURING PAYLOAD-LEVEL TESTING

Having analysed if the OGSE optics can get sufficiently cold to verify the payload dark current, the
remaining effect to be explored is thermal stray light. Thermal stray light similarly manifests as a
spurious additive signal that may impact dark current measurements. In part, the stray light analysis
was motivated by the extreme background seen when simulating the ambient mirror (Figure 64). This
showed that an in-field, low emissivity mirror (0.03) would contribute 3 X 10° e pix~1s~* in Airs CH1.
This shows the vast photon flux from ambient surfaces at ~8 microns. Given there are approximately
ambient surfaces within the CTR, these will be emitting a vast flux at 8 microns. To be determined was

how much of this flux would scatter off OGSE optics and arrive at the payload detectors.

The dominant sources of stray light are expected to be any ambient (or close to ambient surfaces)

within the CTR. These include:

49 This model also used a more conservative 0.5 WmK-* CBE thermal conductivity to a 0.9 Wm?K*

conductivity.
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e The Payload Interface Plate (PIP) (293 K)

e The lower V-grooves (173 K & 117 K for VG1 and VG2 respectively)

e Exposed parts of the CTR trolly (ambient)

e The target projector feet and lower ring support (277 K — separated from the ambient trolly

by a GRP spacer block)

To be detected, thermal emission from these surfaces must scatter into the OGSE beam. In principle,
this could happen off any of the optics within the injection module, target projector or the payload.
However, the injection module optics are enclosed in a ~65 K black painted box, therefore it is likely
that the target projector optics will dominate any stray light budget over the injection module (see
Figure 77). Itis also important to assess the impact of thermal stray light scattering off the CTR shroud

directly into M1.
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Figure 77: OGSE target projector and injection module optics [51].

5.3.1 Thermal stray light model

5.3.1.1 Thermalirradiance at a mirror’s surface

To assess the impact of thermal stray light, the radiative coupling between the various elements within

the CTR, PLM and OGSE must be evaluated. The radiative coupling between surfaces has been defined
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in terms of the radiative heat transfer coefficient (from ESATAN). These have been provided by the

CTR team and are given in Table 20.

. Our starting point is, therefore, the radiative heat transferred between surfaces. We want to convert

this into the scattered stray light radiance. Therefore, the method used here is:

1. To use the radiative heat transfer coefficients to predict how much of the spectral power
emitted by the PIP plate gets absorbed at a mirror's surface.

2. Given the emissivity of the mirror, the spectral power absorbed by the mirror can be used to
predict the irradiance incident at the mirror’s surface.

3. Finally, given the scattering properties of the mirror, the irradiance at the mirror's surface can

be used to predict the stray light radiance that scatters into the OGSE beam.

Here a brief derivation is provided, for further details see Appendix B.

The radiative transfer between the PIP plate MLI and optical elements is described in terms of a
radiative heat transfer coefficient Gy (defined by equation 5.1). The radiative transfer coefficient

relates the net heat flux, ®,,;, to the temperature of the respective surfaces:

Pret = Paps — Pemie = Gro(Torp — Trhirror) 5.1
The absorbed flux is « T;,*ip and the emitted flux is proportional to Ty, Therefore, by inspection,
the radiative flux absorbed by a mirror is given by:
Daps = GroTpip (5.2)
Therefore, the spectral power absorbed by the mirror, Py is:

Paps(2) = GrB(Tpip, A)m st (5.3)

ip’
To obtain the power incident on the mirror, P;;,, the absorbed power can be normalised by the mirror

emissivity €mirror-

GRB(Tpip,l)n sr

€Emirror
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. . . P; .
The irradiance on the mirror’s surface I;;,, can then be elevated. I;;, = —"—, where Apirror is the

Amirror

absorbing area of the mirror used in the view factor calculation.

GrB(Tpipn, A
o = 222U et

(5.5)

Amirror Emirror

This allows the spectral irradiance at a mirror’s surface to be calculated in terms of quantities that are
obtainable from the ESATAN thermal model (Gg and T};,). Given the scattering properties of the

mirror, the stray light radiance can now be calculated.

5.3.1.2 Scattering model

In this analysis, the ESATAN thermal model has been used to calculate the radiated coupling between
facets. This tells us the spectral irradiance at a mirror's surface, however, gives us no information
about the incident angle. Therefore, it is not possible to utilise the full angular dependence of the
bidirectional reflectance distribution function (BRDF). We can, however, perform calculations in two
limiting cases: (1) A model which is valid in the limit of isotropic irradiance of the mirror's surface; and
(2) a best-case analysis where we assume a point source irradiance which occurs at an angle at which

the BRDF has the minimum scattering.

5.3.1.2.1 Isotropic irradiance

Given there is no direct line of sight paths between the stray light sources (e.g. the PIP plate) and the
mirror’s surface, it is reasonable to expect that the irradiance will contain contributions from a wide
range of incident angles. Therefore, we make the simplifying assumption of isotropic irradiance to

place a zeroth-order estimate on the expected stray light rejection.

In general, the stray light radiance can be calculated as [124]:
Lstray (4, 65) = fBRDF(Hl-n, 0;) Li, cos 6, dQ (5.6)

Where the scattering angle, 6, is set by the optical geometry, e.g. the angle M2 subtends from M1 (in

the case of scattering off M1). For isotropic incident radiance L;;,:
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Lstray(A) = LinfBRDF cos dQ = L;, TIS (5.7)

I:
=2TIS (5.8)
A
Therefore, from equation 5.5, the stray light radiance, scattered at a mirror’s surface is given by:

TIS GgBB(Tpip, 1)

Lstray W = (5.9)

Amirror €mirror

5.3.1.2.2 Total Integrated Scatter (TIS) from surface roughness
The stray light evaluated using equation 5.9 is defined in terms of the Total Integrated Scatter (TIS).
There will be two contributing factors to the TIS of the mirrors. (1) micro-roughness and (2) particulate

contamination. For micro-roughness, we assume a 5 nm [125] surface roughness and a Total

Integrated Scatter (TIS) given by:

410 cos HL-)Z

TIS =
=75

(5.10)
At 7.8 um, the TIS= 6.5 X 107°.

5.3.1.2.3 TIS from particulate contamination on optical surfaces

For particulate contamination, we assume a class one surface with a 0.08% Percentage Area Coverage
(PAC) (R-OGSE-CRS-0080) upon delivery to RAL. Ekin [126] quotes 50 ppm contamination per T-VAC
cycle. After delivery of the target projector, there are three planned T-vac cycles (CTR blank test,
payload EM and payload PFM). Moreover, we assume 50 ppm contamination during AIT at RAL for
each of the campaigns. We, therefore, define an end-of-life cleanliness ~800 ppm + 50 ppm X 6 =1100
ppm. Defining the expected cryo-condensation remains highly uncertain and should be verified by test

using witness samples during the CTR blank test.

By assuming that photons incident on contaminants scatter diffusely, the PAC can be converted into
the TIS (=PAC/100). However, diffraction effects can cause the TIS to be larger than the PAC/100 by a

factor of two [124]. Therefore, in this analysis, we assume a TIS of 0.2% for OGSE mirrors.
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Thermal stray light can also scatter into the beam from the payload optics, especially M1. Therefore,
a TIS must also be assumed for the payload optics. Table 6 of the payload cleanliness and
contamination control plan [127] quotes 994 ppm PAC for M1 at PLM delivery to the spacecraft AIT.
As before, we multiply the PAC by two to account for diffraction effects. Therefore, 0.2% TIS is also

assumed for M1.

5.3.1.2.4 Best-case scattering model

Without knowing the angular distribution of the incident irradiance it is challenging to estimate the
uncertainty in the isotropic irradiance assumption. However, we can place a best-case bound on the
minimum stray light we would expect to see. From Figure 78, one can see that the best stray light
rejection would occur if all the incident irradiance was at 60 degrees. Therefore, we can place a best-
case bound on the stray light rejection if we assume the stray light comes from a point source located

at an incident angle of 60 degrees.

The BRDF shown in Figure 78 was created for M1, with a scattering angle set by the angle subtended
by M2. However, the angle of the OGSE beam on e.g. the target projector fold mirror will be different
from the M1- M2 angle. Therefore, it is not immediately obvious the BRDF remains valid for other

mirrors such as the OGSE collimator and the fold mirror.

To justify the use of the M1 BRDF on mirrors with other scattering angles we first note that the
scattering angle is similar and small in all cases (< 14°). Secondly, typical first-order BRDF
representations are shift-invariant (see e.g. the Harvey or ABg BRDF representations [124]). A shift-
invariant BRDF would preserve the minimum scattering amplitude but the minimum would occur at a
different incident angle. This best-case analysis only depends on the minimum value of the BRDF and
not the incident angle at which the minimum occurs. Therefore, the small discrepancy in scattering
angles between M1, and e.g. the OGSE target projector fold mirror is not expected to significantly

impact results.
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The only other possible discrepancy between the OGSE BRDF and the payload M1 BRDF would be if
the contamination level was different. However, as discussed in 5.3.1.2.1, the contamination of OGSE
optics is expected to be similar to the contamination of M1. Therefore the Ariel BRDF (Figure 78) can
be used not only to assess scattering off M1, but also to assess scattering of the OGSE collimator, and

target projector fold mirror.

Figure 78: Full BRDF compared to clean mirror BRDF. Particle density 2000ppm, surface roughness 10nm RMS.

Figure from [128]. (Figure redacted from ORA version)

To place a best-case bound on the stray light, all incident light is assumed to originate at a single angle,
the angle at which the BRDF has its minimum value (see Figure 78). In other words, the incident
radiance takes the form of a Dirac delta, L;; « §(0;, — Omin)- When this is the case, equation 5

simplifies to:
Lstray (ﬂ.) = BRDF(len, 95‘) f Lin COoS gin an (511)

Therefore,
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BRDF (O min) m st GRB(Tyip, A
Lstray = BRDF (O in, 05) X Iiy, = Omin) R ( pip )

(5.12)

Amirror Emirror

This stray light radiance now needs to be propagated to the focal plane such that this can be compared

to the detector's dark current (in e's).

5.3.1.3 Radiance to focal plane signal conversion

The diffuse stray light is propagated to the instrument focal planes using an ArielRad-derived end-to-
end radiometric calibration®®. The end-to-end radiometric calibration can be described in the following

form>*:
E = alfe (5.13)

Where E is the focal plane signal in es? and L is the radiance of a diffuse source at M1
(Wm™2sr~'um~1). The proportionality constant between them, a, defines the radiometric

calibration. 7.y, is the correction factor that is applied to account for the beam expander throughput.

The proportionality constant was derived using ArielRad IR diffuse source simulations. When the

payload is illuminated by the IR diffuse source (bright mode), the focal plane signal in the longest

50 Computed on ArielRad version dated 1% March 2022
%1 Strictly only valid for thin slits (thin compared to spectral resolution), but also agrees well for wide
slits providing that the SED is smoothly varying. See ARIEL-OXF -PL-TN -005 for quantitative

discussion.
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spectral bin was found to be®2 1.86 x 107 e~s™!pix~ . At 7.639 um (midpoint of the longest spectral
bin) the injected radiance was 0.425 Wm™2sr~tum™!. Therefore, the radiometric calibration

proportionality constant is given by @ = 4.39 x 10”7 e"s ™ 'm?pum srw 1.

5.3.2 Thermal stray light results

The goal of this analysis is to calculate the focal plane signal that results from thermal stray light. To
do this, the stray light must be evaluated for every combination of stray light source and mirror. This
was achieved using the RAL thermal model to perform the ray trace to determine the radiative
coupling between stray light sources and the mirror’s surface. From this coupling, the incident
irradiance at a mirror was calculated (equation 5.5). A scattering model was then required to
determine how much light scatters into the payload FOV. The stray light radiance was predicted using
equation 5.9 (isotropic model) and equation 5.12 (best case model). The resulting focal plane signal
was then predicted using an ArielRad-derived end-to-end radiometric calibration (equation 5.13). This

is shown below in Table 20.

52 These simulations were evaluated without any OGSE modulation. 107 e'pixs? is larger than
planned OGSE fluxes, however this can still be used to derive the radiometric calibration. To check
we are not seeing saturation in the simulation, the calibration was cross-checked with diffuse ExoSim

data at lower flux levels.
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Stray light radiance

Focal plane signal

(Wm2sripm?) (e'pix?’s™?)
Radiative
heat transfer Emitting Emitting Scattering Isotropic Isotropic

Emitting Scattering coefficient temperature radiance Mirror mirror area  irradiance Best case irradiance

surface surface (m?) (K) (Wm2sripm?) emissivity (m?) model model model Best case model
VG1 Collimator 6.92 x 10°® 170.2 8.10 x 102 0.02 0.071 7.93 x 107 3.74 x 107 26 12
VG2 Collimator 7.48 x 10°® 115.1 4.52 x10* 0.02 0.071 4.79 x 10° 2.26 x10° _
PIP plate Collimator 1.17 x 10° 227.5 1.24 0.02 0.071 2.05 x 107 9.68 x 10°® 6.8 x 102 3.2 x 102
VG1 Fold mirror 0.00 170.2 8.10 x 107 0.02 0.012 0.00 0.00
VG2 Fold mirror 0.00 115.1 4,52 x 10* 0.02 0.012 0.00 0.00
PIP plate Fold mirror 1.45 x 10°® 227.5 1.24 0.02 0.012 1.52 x 10 7.17 x 10°®
PIP plate M1 1.51x 1073 227.5 1.24 0.05 0.605 1.24 x 10* 5.83 x 10

Total 5.3 x 103 2.5 x 103

Table 20: Thermal stray light signal as measured at AIRS CH1 for various thermal stray light paths. The ‘Collimator’ and ‘fold mirror’ are shown in Figure 77.
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The thermal stray light for the isotropic case is ~5000 e pix's? at 7.8 um with a best-case limit of
~2000 epixtst. The dominant contributor is indirect scattering from the pip plate into M1°3, There
are also significant contributions from PIP plate scattering onto the OGSE collimator and fold mirror.
The total stray light is significantly larger than the 1 epix s dark current requirement so would likely
prevent dark characterisation of the payload in Airs CH1. This level of stray light would also be larger
than the OGSE faint target signal (~1000 es~!pix~! at 7.8um; see Figure 49). To reduce the stray light,
one option considered was to switch from reflective to black MLI the merits of this were assessed by

sensitivity analysis.

5.3.2.1 PIP plate MLI sensitivity analysis

To assess the sensitivity of the stray light to the PIP MLI emissivity, two rounds of thermal analysis can
be compared. The first was performed with black MLI, the second round was performed with low
emissivity MLI (e = 0.05). It was shown in section 5.3.1.1 that the thermal stay light is proportional to
GrB(Tp;p, 7.8 um). Therefore, we can compare this stray light proxy in the two cases. This is shown

in Table 21.

>3 Note, the M1 stray light radiance was evaluated as the mean radiance over the full pupil. However,

only the centre % of the pupil is sampled during ground testing.
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Low emissivity MLI High emissivity MLI

Radiative transfer coefficient | 2.975 x 10~5 m?2 2.664x 10~ *m?
Gr
PIP top MLI layer 227.5K 171.5K
temperature, Tpip
B(Tp;p,7.8 um) 1.22056 Wm™2sr 1um™1 0.0880 Wm™2sr~tym™1
Thermal stay light proxy o« 3.63 X 107> Wsr~tum™1! 2.34x 107> Wsr~tuym™!

GrB(Tpip, 7.8 pm)

Table 21: Comparison of high and low emissivity MLI

The results shown in Table 21 can be understood by considering two effects. To first order, the
radiative transfer coefficient, Gg, will scale linearly with the PIP MLI emissivity. However, due to
increased self-absorption at higher emissivities, the scaling will be weaker than a simple
proportionality. The higher emissivity also causes stronger coupling between the MLI top surface and

the cold radiative environment, causing a cooler top-layer emitting temperature.

Therefore, switching from high to low emissivity MLI causes an order-of-magnitude reduction in the
distribution factor, but an order-of-magnitude increase in 7.8 um radiance. By coincidence, these
effects cancel out such that the stray light radiance is largely insensitive to the emissivity of the PIP
MLI (~30% less stray light with high emissivity MLI). Therefore, the stray light only weekly depends on
the MLI coating emissivity. However, we are very sensitive to the MLI top layer temperature (and
hence the MLI heat transfer model). The sensitivity to the top layer temperature is even larger in the

high emissivity case.

5.3.2.2 Thermal stray light conclusions

Multiple rounds of stray light analysis were performed. In all cases, stray light was found to be
considerably above the payload dark current level (~103 times more). Multiple options were,

therefore, discussed to aid in the reduction of stray light.

Initial rounds of analysis focused on the target projector mirrors. It was found that the PIP plate was

the dominant stray light source. A separator plate was therefore proposed to isolate the stray light
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source (the PIP plate) from the OGSE optics. Subsequent rounds, however, showed that scattering off
M1 was the dominant stray light path. An alternative skirt-based baffle was therefore proposed to

contain the stray light at the source.

Separator plate

Skirt /
/

Baseplate

L

Figure 79: Conceptual design of possible baffling options to reduce thermal stray light. Both approaches

attempt to restrict view factors between the PIP plate and optical surfaces.

Inthe end, an alternative solution was sought. This analysis showed that the dominant stray light paths
were indirect, likely via the shroud. Therefore, improved stray light control may be achievable by
improving the shroud emissivity. 0.81 was assumed in the RAL thermal model [129]. It was, therefore,
decided to use a honeycomb shroud instead of flat shroud panels. This was also beneficial for thermal
reasons. It is hoped that the improved stray control provided by the honeycomb will reduce stray light

to closer to acceptable levels (1 e s™1pix™1).

The model presented in this section is intended to be an order-of-magnitude estimate. Achieving
better than this at this stage will be challenging. This model relies on knowledge of mirror particulate
contamination. The values modelled are those budgeted in the payload contamination budget. This
remains highly uncertain until the contamination is measured using witness samples. Moreover, the
use of the RAL thermal model to predict radiative coupling enables irradiance estimation but does not
allow a full BRDF model to be used. A full end-to-end scattering model would be desirable. However,

in all likelihood, thermal stray light will be verified by test during the EM test campaign.
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5.4 CHAPTER SUMMARY

In this chapter, the OGSE thermal requirements were derived. It was shown that to test the dark
current at the payload level, OGSE optics must be cooled to less than 70K. This was derived using end-

to-end simulations using ExoSim.

To meet this 70 K requirement, an updated illumination module thermal design was created. A finite
element analysis was conducted to assess the compliance of this design, however, it was found the
enlarged illumination module design would be non-compliant largely due to thermal gradients on the
shroud. Measures were presented to improve the conductive path from the cold head to the optical

bench, this would likely bring the thermal design into marginal compliance.

Of greater concern was the flux balance analysis. This analysis showed the loads on the cold head are
dominated by the radiative load on the MLI. Literature data shows order or magnitude variation in the
effective emissivity of MLI [123], meaning, the dominant load in the thermal model is highly uncertain.
This combined with the long (~1 week) cooldown time motivated an alternative thermal architecture.
The new design uses liquid nitrogen to cool the shroud and the cold head only cools the optical bench.

This liquid nitrogen design is currently under development.

In addition to thermal emission from optical elements, thermal stray light was also considered. It was
found that thermal mission from the PIP plate indirectly scattering off M1 will lead to a considerable
(~103 e s™1pix~1) signal in Airs CH1. Improvements in the CTR shroud emissivity have been made,
partially mitigating this effect, however, stray light remains the dominant risk to low background

(~1 e s~1pix~1) measurements during payload-level testing.
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6 ILLUMINATION MODULE OPTICAL DESIGN

Chapter 5 focuses on the thermal aspects of the illumination module design, in this chapter, the
illumination module optical design will be motivated, and described. It will be shown why there was a
need to change the OGSE optical architecture from the PDR design. The new optical design for the

illumination module will be presented.

6.1 TARGET PROJECTOR TRADE-OFF

In the lead-up to CDR, there was a major revision to the OGSE architecture. At PDR the illumination
module injected a 22 mm (major axis) beam into the main test chamber (Figure 17). The illumination
module output was then expanded by 12.5 times in the target projector to provide a % aperture beam
at M1. The revised optical architecture has an illumination module that produces % aperture beam
~28 cm in the major axis). The target projector module became two flat mirrors known as the

periscope assembly. The motivation for the switch away from the PDR concept will be discussed here.

6.1.1 Degrees of freedom of the OGSE

The driving motivation for the target projector trade-off was the complexity associated with
monitoring and adjusting all the degrees of freedom in the target projector design. The adjustment is

required to ensure that:

e The target projector output is centred and on the axis with respect to the payload M1 optical
axis.

e The output of the OGSE has an angular size less than the OGSE encircled energy requirement
(R-OGSE-8630).

e The output of the illumination module is on-axis and centred with respect to the first powered

mirror in the target projector.
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The illumination module, target projector, and payload are each separate modules, each with their
own support structures. During cooldown, each will independently contract by millimetres causing
significant misalignment between modules. Moreover, deformations internal to the target projector
could cause the powered mirrors to no longer be confocal leading to aberrations. To correct the inter-
module alignment shifts and internal optical aberrations, the following degrees of freedom were

assumed in the PDR design®*:

Adjustment Function

Tip-tilt on the illumination module output Illumination module to target projector
centration

Tip-tilt on the first target projector fold mirror | Illumination module to target projector angular
correction

Tip-tilt-piston adjustment of the first target Target projector optical aberration correction
projector powered mirror

Global tilt of the whole target projector Target projector to payload angular correction
structure

Translation of the target projector pupil plate | Target projector to payload centration

Table 22: adjustment degrees of freedom in the PDR design

>4 At the time of this analysis, the exact number of degree of freedom in the target projector was still

under discussion. This represents the minimum number under consideration.
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tip-tilt-piston

pupil plate
translation

Fold tip-tilt

Figure 80: Actuated mechanisms in the target projector and PDR illumination model [51].

Even with these degrees of freedom, this does not guarantee all misalighment-induced WFE can be
removed. These degrees of freedom do ensure the powered mirrors have parallel optical axis and
that the powered mirrors are not defocused, it does not ensure that the optical axis of the first mirror
is centred with respect to the optical axis of the second mirror. It may be necessary to tip-tilt the fold
between the powered mirrors to ensure they remain co-axial (whether or not this was required was

still to be confirmed).

6.1.2 Cooldown-induced optical aberrations

The list of adjusters presented in Table 22 provides a comprehensive set of adjusters to correct most
cooldown-induced aberrations in the design. It was still, however, to be demonstrated whether all
these degrees of freedom are required to correct the alignment-induced aberrations. It may be
possible to reduce the number of degrees of freedom at the cost of optical quality. An assessment

must be made of the optical quality with certain degrees of freedom removed from the design.

6.1.2.1 Powered mirror adjustment

To assess this, a thermoelastic analysis produced by Keith Nowicki was used (Figure 81). The author’s

responsibility was to use the thermoelastic analysis to predict the resulting optical aberrations.
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Figure 81: Y-deformation (vertical) of the target projector after 15 days of cooling (mm). The colour range is
scaled to maximize deformations in the invar structure.
Positions and angles were measured from the COMSOL model and were used to perturb the optical

model. The following deformations were seen in the thermoelastic analysis:

* 0.1 degree tilt of the front fold
* 0.03 degree tilt of the collimating mirror

* 300 um displacement of the fold mirror (defocus)

200 pm centration offset of the collimating mirror

In the perturbation analysis, only the mirror positions were perturbed. The prescription of the
powered mirrors was left unchanged. The contraction of an ideal isometric ZERODUR system would
contract by 58 pm *° (based on a 1.5 m focal length and a linear expansion coefficient of 39.3 x 107°
[130]). The isometric contraction of the mirrors is, therefore, an order of magnitude smaller than the
deformations seen in the thermoelastic analysis (600 um change in focal length). Therefore, the

change in powered mirror prescription was neglected.

% Based on a 1.5 m focal length and a linear expansion of 39.3 x 10~
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In particular, defocus and tilt of the fold mirror were found to be dominant aberrations (Figure 82)
and result in aberrations that are an order of magnitude larger than the OGSE rEE requirement (~15”
compared to a 0.9” requirement the 28 cm beam, R-OGSE-8360). This confirmed the need for the tip-

tilt-piston actuation of the imaging mirror in the PDR design (Table 22).
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3.32E-03
0.7999

2.95E-03
0.6999
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0.0000

0.0175

I 0.0157

0.0140

0.0122

0.0105

@ 0.0087

2.21E-03
1.84E-03
1.47E-03
1.11E-03
7.37E-04

3.68E-04

0.00E+00

0.0070

0.0052
0.0035
0.0017

0.0000

Figure 82: Optical model perturbations. Models were simulated with light at 550 nm. The image scale is 33
arcseconds square. Top left shows only the geometric aberrations (diffraction limited at 550 nm). Top right

shows a 300 um displacement of the front fold mirror. Bottom left shows 0.1 degree tilt of the front fold mirror.

6.1.2.2 Beam steering degrees of freedom

Having shown the powered mirror degrees of freedom are required, we now consider the beam
steering degrees of freedom. Table 22 shows four degrees of freedom were assumed to align the
target projector to the payload. The thermoelastic analysis used in 6.1.2.1 can also be used to assess

if the target projector tilt/ centration degrees of freedom are required.
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The OGSE must be able to steer the beam to the centre of the payload FOV with 4 arcsecond®®
resolution (SR-PER-215, [131]) and be centred to within 1 mm?>’ (R-PRD-0610). The thermoelastic
analysis showed ~2 mm translations and tilts of hundreds of arcseconds. Therefore, aligning the OGSE

output with the required tolerances would require at least four degrees of freedom.

Also shown in Table 22 were four degrees of freedom to align the illumination module output to the
target projector. At the time of performing this analysis, thermoelastic analysis/detailed tolerancing
of the illumination module was still to be conducted. However, given the course (millimetre) tolerating
of the CTR position relative to the illumination module, it was seen as extremely likely that adjusters

would be required to align and centre the illumination module to the target projector.

The OGSE PDR design with the target projector, therefore, required eleven degrees of freedom [51].
Having this many mechanisms in the design already adds significant complicity. However, the real

challenge is constraining these degrees of freedom.

Constraining the degrees of freedom is even harder for the OGSE than the payload. The payload has
five degrees of freedom: three degrees of freedom provided by the M2 mechanism[132] and a further
two degrees of freedom from the spacecraft to tip-tilt the payload. To constrain these degrees of
freedom, the payload can observe the star on the detectors. There are three observables, the centroid
of the spot (x & y) and the PSF. Through a combination of spot size minimization and centration, the

optimum tilt and M2M position can be found.

% 1> spacecraft absolute pointing requirement times four to account for the beam expander
magnification.

570.1mm at the output of the beam expander times 55/4 = 1 mm at the entrance of M1.
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Not only does the OGSE have more degrees of freedom than the payload, but the OGSE can't use the
payload detectors to focus the OGSE, since an aligned, collimated beam is required to focus the
telescope. Because of this, the OGSE must find other ways to monitor and correct deformations during

cooldown.

6.1.3 Monitoring optical aberrations - the pupil scanning autocollimator

To monitor alignment shifts, a pupil-scanning autocollimator design was proposed (Figure 83-Left).
The autocollimator beam is injected above the test beam (Figure 83- Right) at the illumination module
output. The laser follows the same optical path as the test beam through the target projector. The
laser, therefore, acts as a decentered tracer ray. The laser can then be retroreflected off several

alignment reference surfaces to monitor motion between key mirrors.

Alignment references

laser ) ) PLM
-_ F< Pupil scanning apeture laser
Removable imaging IensT €
~ T5 TO ILL T3
I—- - — N
— oy
_ —_—
Zoom stage
test beam

Reference flat ———p
fi —
for interferometry To illumination module

cryogeinc optical bench

Figure 83: Pupil scanning autocollimator design. Left shows the autocollimator conceptual design. Right shows

the pupil positions of the test beam and alignment surfaces.

The pupil-scanning autocollimator concept uses a laser with a long (e.g. 10 m) coherence length. The
light passes through a spatial filter and beam expander to generate a ~50 mm beam (Figure 83 — Left).
The beam then passes through an aperture mask mounted on an X-Y translation stage. This X-Y
translation stage is used to change the centration of the laser, and thus view different alignment
surfaces (Figure 83- Right). These reference surfaces are flat mirrors close to the test beam optical
path but decentered from it (e.g. machined into the rims of the optical surfaces). The reference flats

include:
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e lllumination module reference surface (ILL) — An overhanging flat mirror after the illumination

module tip-tilt mirror (Figure 80).

e Target projector output (TO) — an overhanging flat mirror at the target projector output.

e Target projector imaging mirror (T3) - a wedge machined into the mirror’s rim

e Target projector collimating mirror (T5) - a wedge machined into the mirror’s rim

The payload alignment cube (PLM) — viewed via a pickoff mirror

By viewing combinations of these reference surfaces, the actuated degrees of freedom can be

constrained. In each case the reference surfaces will have etchings, enabling them to define angle as

well as centration. The interference fringes allow path length changes to be measured.

Actuator

Observable

Illumination module output tip-tilt

[llumination module optical bench (ILL) relative
toT3

Tip-tilt on the first target projector fold

Illumination module optical bench (ILL) relative
toT3

Powered mirror tip-tilt

TS5 relative to T3

Powered mirror focus

Interference fringes from overhang flat

Target projector global tilt

TS5 relative to PLM cube

Translation of the pupil plate to centre the OGSE
pupil image onto the centre of M1.

TS5 relative to PLM cube

Table 23: Monitoring constraints for the target projector design

With the alignment surfaces in Table 23, and the pupil scanning autocollimator (Figure 83), it

theoretically would be possible to constrain all of the actuated degrees of freedom in the design.

However, the design is complex, and it likely won't be possible to verify end-to-end cryogenic

performance in Oxford. Therefore, the first time this system would be verified in cryogenic conditions

would be during payload EM.
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6.1.4 Target projector trade-off

Without a prohibitively complex alignment tracking system, it is impossible to constrain all ~11
degrees of freedom associated with the PDR OGSE design. The immediate question that then follows
is whether it is possible to remove some of the degrees of freedom in the design. Three options were

considered:

(1) The target projector PDR baseline (approximately eleven degrees of freedom)

(2) A redesigned target projector with the powered mirror degrees of freedom removed
(approximately eight degrees of freedom)

(3) A switch from the target projector to the periscope design (approximately four degrees of

freedom)

6.1.4.1 Option 1- PDR target projector baseline (complex laser system)

To align the illumination module to the target projector, the target projector to the payload, and to
maintain a compliant PSF, eleven degrees of freedom were assumed (section 6.1.1). A complex laser
alignment tracking system was proposed to monitor and constrain all these degrees of freedom
(section 6.1.3). However, not only is this system complex to design, but it will also be hard to test and

full cryogenic verification will likely not be possible before payload EM.

This option does, however, require the smallest number of changes to the design presented at PDR.

6.1.4.2 Option 2 —re-design the target projector structure (Significant mass increase)

By re-designing the target projector, it may be possible to ensure the powered mirrors remain confocal
during cooldown. This would remove three degrees of freedom. The complex strain distribution seen
in the target projector is largely a consequence of the significant light-weighting of the structure. This

lightweighting was to help radiative cooldown times. One possibility to reduce the complexity of the
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alignment tracking system would be to redesign the mechanical structure of the target projector such

that the powered mirrors are guaranteed to remain confocal during cooldown.

The updated mechanical design would consist of a vertical monolithic optical bench. Likely made of
aluminium with aluminium optics. The vertical optical bench would have a significant (TBD) mass
increase relative to the current design which has thermal implications. It is likely we will require
conductive cooling to the CTR shroud wall to cool down in a reasonable time frame (<2 weeks). With
this option, we still need to track and control the motion of the target projector relative to the

illumination module and then the target projector relative to the PLM.

6.1.4.3 Option 3 — bring the powered optics into the illumination module (enlarged CTR baffle

tube)

The design with the fewest numbers of degrees of freedom would be if all the powered mirrors were
incorporated on a single optical bench in the illumination module. The illumination module would
output a % aperture beam (28cm, major direction). This means the target projector can be replaced

by two 30cm flat mirrors.

With this approach, the angle and centration of the illumination module relative to the periscope does
not cause optical aberrations. Therefore, provided the periscope mirrors are sufficiently oversized, it
is sufficient to only monitor the motion of the illumination module relative to the payload. This

removes four degrees of freedom, previously for target projector position monitoring.

Moreover, as with option 2, by moving the powered optics to the illumination module, the optics can
be mounted on a thick (e.g. 5 cm) optical bench. This bench will suffer from fewer thermoelastic
distortions compared to the heavily lightweighted target projector. By having aluminium optics on an
aluminium optical bench, it should remain con-focal during cooldown. In this way, it should be possible
to remove the actuation between the powered mirrors — a further reduction of three degrees of

freedom.
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STOP analysis is still required to assess if an ideal isometric optical bench design is realizable in
practice. If it turns out there is still a need for cryogenic focusing of the powered mirrors, this new
optical design allows us to use the payload to focus the OGSE. The current baseline is to cool the OGSE
at the same time as the payload. This means the OGSE experiences thermoelastic deformations at the
same time as the payload making it extremely challenging to align both systems (as discussed in 6.1.3).

If the powered optics are in a separate chamber, an alternative cooldown plan could be used:

1. Before cooldown, the illumination module will be aligned and verified by imaging the output
using an imaging parabolic mirror

2. Cool the payload with the illumination module remaining ambient.

3. Focus the payload using the collimated OGSE beam.

4. Cool the illumination module.

5. Use the image on the payload detectors to focus the illumination module optics.

By decoupling the cooldowns, the OGSE can be used to focus the payload, then the payload can be
used to focus the OGSE. This does, however, have programmatic consequences for the chamber time
so parallel cooldown remains the baseline, though, this approach may prove necessary if OGSE
focusing actuation is required. Using the payload to focus the OGSE is only possible if the OGSE

powered mirrors are cooled after the payload.

This design is also significantly more testable. With this design, all the powered optics are now

contained in the OGSE chamber, making derisking of the complex optics in possible in Oxford.
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6.1.4.4 Target projector trade-off conclusions

Alignment degrees of
freedom/risk

Impact on other
teams

Testability

Design change from
PDR

Decoupled cooling of
powered mirrors

PDR baseline

11 degrees of

freedom

No cryogenic end-to-

end test

No

Re-designed target
projector

8 degrees of freedom

Conductive cooling of
target projector

No cryogenic end-to-
end test

Updates to the
mechanical and
thermal design of the
target projector

No

Table 24: target projector trade-off summary table

Bringing powered
optics into the
illumination module

4 degrees of freedom

Enlarged baffle tube

All complex optics
contained in one
chamber

Significant updates to
the illumination
module including the
chamber support
structure, and optics.

yes

The benefits of the three OGSE optical designs are summarised in Table 24. It was decided that due to

the vast complicity in monitoring all the degrees of freedom of the target projector, the periscope

concept would be adopted. In this way, only the illumination module to payload alighment needs to

be tracked — greatly simplifying the design. This design also improved the testability of the system by

bringing all high-risk components into the illumination module, where they can be tested in Oxford.

The drawback of this outcome is it required a major re-design of the illumination module and target

projector. The updated thermal design was discussed in section 5.2. The updated optical design will

be discussed here.
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6.2 ILLUMINATION MODULE OPTICAL DESIGN

6.2.1 lllumination module optical requirements

The illumination module's optical design is driven by the optical performance requirements. Before
the sphere, we have ‘light bucket’ optics where imaging quality is largely unimportant®® and the driving
requirement is throughput. The design of the source optics to meet the throughput requirements was
discussed in Chapter 3. Here, the post-sphere optics will be discussed. Optics after the sphere must
meet the following performance requirements (summarized below, with formal wording given in

Appendix C):

6.2.1.1 WFE (R-OGSE-8630)

To enable testing of the payload spectral resolution and focusing of the telescope, the illumination
module output must have 90% angular size less than 0.95 X 1.4 arcseconds in the major and minor

directions of the pupil.

6.2.1.2 Field of view (R-OGSE-ILL-0150)

For near-field stray light verification, the OGSE must be able to scan the point source over a 280"

FOV™.

To test the payload optical quality over the full instrument FOV, the WFE requirement must be met

over the 120” FOV (~the instrument channels FOV when the beam expander is present).

%8 Optical aberrations are only important if they cause throughput losses due to vignetting

% Angular size at the output of the illumination module
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6.2.1.3 Flat field (R-OGSE-ILL-0100)

To enable flat fielding of the payload detectors, the OGSE must produce an extended source that is
uniform to within 0.5%. Meeting this requirement is a driving requirement for the integrating sphere,

however, the optics after the sphere can also impact the flat field®.

6.2.1.4 Pupil imaging

The OGSE defines the pupil during ground testing using an aperture plate. The OGSE must ensure that
an image of the pupil lands at the payload primary mirror, where the pupil is defined in flight. This

avoids vignetting within the payload's common optics.

6.2.1.5 Pointing stability (R-OGSE-CAL-0018)

To keep the OGSE spot within the spectrometer slit during calibration measurements, the OGSE

pointing must be stable to 4 arcseconds over 10 hr timescales.

6.2.2 lllumination module optical design

The optical design to meet these requirements is shown in Figure 84. The integrating sphere has two
outputs. A 1.2 cm open port and a 50 um pinhole. The open port provides uniform (<0.5%)
illumination over the payload field of view. The point source provides a star-like point source. The two
outputs are viewed via a flip mirror (Figure 19). The light is then collimated and reflected by a fine

steering fold mirror. An aperture plate is then used to define the pupil of the system. After the

% 1t is hoped to meet the 0.5% requirement by design. However, knowledge of the output uniformity

should be sufficient for flatfielding the payload.
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aperture plate, a pair of parabolic mirrors are used to expand the beam by (7.7x) to give the required

% aperture beam.

collimating mirror

focal wheel

«— fine steering mirror
pupil plate and wheel

imaging mirror
®

laser ——» extended source sphere output

\ point source sphere output

collimating mirror:

%,

alignment annulus—»
I

i 500 mm

Figure 84: lllumination module cryogenic bench optical design - shown here in the point source configuration.

Multiple optical configurations were considered before the design Figure 84 was reached. To see how
this design was reached, we consider how simpler designs would be inconsistent with the

requirements described in 6.2.1.

The most basic function of the cryogenic optical bench is to collimate light from the sphere output.
The output of the illumination module must be 27.5 cm by 18.3 cm (1/4 of the payload primary mirror).
In principle, this function could be achieved by a single parabolic mirror. However, with such a design
the pupil of the system would be at the parabolic mirror. This is ~6 m away from the payload primary

mirror giving the incorrect pupil mapping.

The next simplest architecture would be to use an ellipsoidal mirror to view the sphere output. A
parabolic mirror could then be used to collimate the image generated by the ellipsoidal mirror. With

these two powered mirrors, a pupil-matching solution may exist, however, there is no way of inserting
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a fine steering mirror without violating the con-focal condition of the two powered mirrors. This would

lead to unacceptable aberrations when the source is steered.

To introduce a fine steering mirror, a third-powered mirror was used. This enables the fine steering
mirror to be placed in the collimated beam. This motivates the three-powered mirror solution shown

in Figure 84.

As well as the optical performance, a key design consideration was the size of the optical bench. This
bench needs to be cooled to ~70 K and enclosed in a vacuum chamber. Therefore the size of the bench
is not an insignificant complexity driver. The size of the bench is largely driven by the point at which
the beams separate on P3. Shallow-angle powered mirrors were selected for their superior off-axis
performance. However, a 20-degree off-axis collimating mirror has a ~750 mm separation distance.
This sets the ~1 m scale of the optical bench. Accommodating the collimator next to the sphere sets a

bench similar 1 m scale in the opposite direction.

The F/# of P1 is set by ensuring the correct magnification between the pinhole and the focal planes.
This ensures a sufficiently small image of the pinhole at the focal planes (0.96” at the illumination
module output, approximately equal to the diffraction limit at 550 nm). The F/# of P1 is, therefore,
constrained, however, the focal length of P1 is still a free parameter. By maximising the focal length
of the collimating mirror (P1), the expansion of the beam between P2 and P3 can be made slower
improving the off-axis performance. Therefore the focal length of P1 was maximised (695 mm) within
the constraints of the bench size. After the collimating mirror, the fine steering mirror was placed. By
placing this mirror before the pupil plate, the field angle can be adjusted without affecting centration,

simplifying alignhment.

The output of the illumination module must generate a pupil image at the payload primary mirror
(where the pupil is defined in flight). The pupil is defined by an aperture plate placed just before P2.
By tuning the focal lengths of P2+P3 the image of this pupil was made to match the M1 location.

Achieving a pupil image ~6 m from the collimating mirror required a long (>~1.5 m) focal length for P2
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+ P3. To make the focal lengths sufficiently large, >two folds were required between P2 and P3. The
third fold was added to give an accessible intermediate focus. By tuning the focal lengths P2/P3 the

correct (7.7 x) magnification was achieved to give a 27.5 cm by 18.3 cm output.

At the time of designing, the exact pupil distance was not known due to uncertainty in the vacuum
equipment and periscope design. A key objective was therefore to have a design that could
accommodate the uncertainty in the payload distance without replacing the powered mirrors. The
pupil image is shifted by 0.59 m per cm motion of the pupil plate. The current plate position can be +2
cm of the current location without vignetting the beam comfortably covering all possible optical path

lengths.

The above considerations motivate the current illumination module design. The pupil matching and
fine steering requirements determined the need for a three-powered mirror solution. In addition, the
pinhole plate scale, output beam size and pupil matching criteria were used to tune the corresponding
F-numbers and focal lengths. The imaging performance, FOV and uniformity are still to be shown. This

analysis was performed in Zemax and will be discussed here.

6.2.3 Optical performance analysis

6.2.3.1 Imaging performance

This design only uses off-axis parabolic mirrors. This is because Ariel is a narrow-field (~30")
instrument optimised for single-star viewing. This choice of mirrors implies that the on-axis point
source is free from design aberrations (though alignment and manufacturing aberrations will still be

present).

The fine steering mirror, however, means that the light is not always on-axis when passing through
the second and third-powered mirrors (P2 & P3). It is important to assess over what steering range
the radius of encircled energy requirement can be met. This sets the maximum range of the fine

steering mirror.
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Figure 85: Imaging performance of the illumination module with a 1-degree field angle introduced by the fine
steering mirror. Left compares the true encircled energy (pink) with the diffraction limit (blue). Right shows the
corresponding WFE. Simulations were evaluated with 550 nm light.

With a 1-degree field angle at P2, excellent image quality is seen (Figure 85). Figure 85 shows that the
beam is still almost completely diffraction-limited with 0.05 waves of WFE at 550 nm (RMS). However,
by two degrees geometric distortions approximately match the diffraction limit (1" radius). The fine
steering mirror is therefore designed to introduce a +1 degree field range (+460 arcsec at the

illumination module output). Over this range, the optical quality requirements are comfortably met.

The maximum 1-degree range also starts to have a significant impact on the beam footprint size on
P3 Figure 86. This is of particular importance due to the close accommodation between the test and

laser optical paths (Figure 84).

EEEOn
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Figure 86: Footprint diagram showing off-axis beam positions on the large collimating mirror (P3). Angles

shown are in units of degrees.
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6.2.3.2 Baffling — driving the upper limit of the FOV

Also of importance when sizing the FOV of the system is possible vignetting on the baffle tube. Because
the illumination module output is ~6m from the pupil of the system (M1), this means small angular
misalignments in the payload line of sight correspond to large decenters in the illumination module
position (0.1-degree offset corresponds to 1 cm offset in the illumination module output). Due to
constraints imposed by the RAL chamber port and the RAL liquid nitrogen shroud, the baffle tube is
only slightly (~3 cm) oversized with respect to the test beam (Figure 87). This places tight constraints

on the accuracy of the payload line of sight position.

Figure 87: lllumination module output cross-section (view from periscope looking towards the illumination
module). The blue shows the cross-section of the extended source. The laser output cross-section is shown in

red.

Piping in the RAL liquid nitrogen shroud implies that the baffle tube can be no taller than 300 mm. This
immediately rules out a configuration with the test beam and alignment beam vertically above each

other. This drives the side-by-side configuration with a letterbox baffle tube shape.

The RAL chamber nipple has a 488 mm inner diameter. Allowing 1.5 cm clearance between the baffle
and the chamber nipple, and 1 cm for MLI, gives a 438 mm max width for the baffle. Accounting for
the beam cross sections and allowing 1cm clearance between the beams and the inner edge of the

baffle, implies a maximum adjustability in the beam position of 2 cm. If we further subdivide this 2 cm
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between decenter and tip-tilt, we can define the maximum adjustability of the illumination module.
Assuming a 5 mm maximum centration compensation, this allows 1.5 cm for angular compensation.
This implies a maximum unvignetted angular adjustability of the illumination module of 520

arcseconds.

This stringent angular tolerance must account for the uncertainty in the CTR trolley position when it
is wheeled in as well as cooldown compensation. It is expected this should be achievable with the

updated CTR wheel design that has a 1 mm slop relative to the rails.

6.2.3.2.1 Generating a light-tight seal around the gate valve

In the previous section, the maximum adjustability in the illumination module was derived based on
constraints imposed by the RAL vacuum chamber. A somewhat generous 1.5 cm clearance was
assumed between the baffle tube and the chamber nipple. A e.g. 5 mm reduction in this could give a
significant (~200”) increase in the illumination module adjustability. However, there is an additional

consideration constraining the size of the baffle tube — stray light.

As analyzed in section 5.3, thermal stray light from ambient surfaces is expected to be a significant
effect at 8 microns. Because of this is likely critical to ensure no direct view factors between the
ambient gate valve and the cryogenic optics. This is achieved by adding lips to the end of the baffle
tube. A second baffle tube was added that mirrors the illumination tube on the other side of the gate
valve (Figure 88). By making the lips significantly large relative to the baffle tube, a seal around the
gate valve was generated that ensures no direct view factors between optics and the gate valve. This

is illustrated by the diagonal lines in Figure 88.

If the baffle tube cross section were made larger, the lips of the baffle tube would have to become
smaller. This would make generating a light-tight seal require impractically long baffling. There is
therefore a tradeoff between stray light control, and FOV when sizing the baffle. The solution to this

is shown in Figure 87.
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Figure 88: generating a light-tight seal around the gate valve.

6.2.3.3 Flat field

The OGSE will be used to verify the payload flat field. One method planned for doing this requires the
extended source (see section 2.2.11.2). With this method, uncertainty in the uniformity of the OGSE
output translates directly to uncertainty in the payload flat field. The dominant source of non-
uniformity is expected to be the non-ideal behaviour of the integrating sphere. However, field-
dependent vignetting or aberrations can cause mirrors to also contribute to the flat field non-

uniformity.

To assess the impact of the post-sphere optics, the extended source was modelled as a Lambertian,
spatially uniform object of 1.2 cm extent. The output is shown in Figure 89. In one axis, a linear gradient
can be seen. The origin of this gradient is likely field distortion from the parabolic mirrors. However,
over the 22 arcsecond FGS FOV ( 88 arcseconds with the beam expander), the variation in flux is 0.12%.
Therefore, the non-uniformity contribution of the illumination module optics will not prevent flat

fielding at the level of 0.5%.
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Figure 89: Extended source uniformity at the illumination module output. (angles are in units of degrees,

radiance shown is in arbitrary units)

6.2.3.4 Optical performance conclusions

The illumination module design has been shown to be consistent with all of the optical performance
requirements (6.2.1). It has been shown that the optical design has <0.05 waves of error (RMS at 550
nm)® over a +460 FOV. This enables scanning and closed-loop pointing over this range. The maximum
payload line of sight offset is only marginally larger than this fine steering range (520 arcseconds) and
is limited by vignetting on the output baffle tube (and 488 mm chamber nipple). The full 520
arcseconds range is achieved by course adjustment stages outside the chamber. The design has also

been shown to be consistent with flat fielding of the payload.

6.2.4 Mechanism design

The optical design has several mechanisms that facilitate the payload calibration observing modes. An

overview of the required mechanisms and their designs is provided here. This includes:

1. Aflip mirror to switch between the two sphere outputs and a beam dump

2. Afine steering mirror for closed loop pointing control

%1 This only includes the design aberrations. It does not include the
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3. Sphere input shutters

4. A Pupil and focal wheel for applying masks to the OGSE beam during alignment

6.2.4.1 Flag flip mirror

During calibration, three key modes are: (1)the point source (2) the extended source and (3) dark.
These are used for wavelength calibration, flat fielding, and dark current testing respectively. These
modes are selected using the flip mirror shown in Figure 90. This was developed by the author based
on a piezo-based flag concept proposed by Rory Evans. The flag contains two flat mirrors. The first
mirror redirects the beam from the extended source to the collimator. The second mirror re-directs
the payload line of sight to a cryogenic beam dump on the shroud wall. The third position moves the

flag out of the way to allow a beam from the point source to reach the collimator.

Mechanical stops

To extended
source

{~  \ Tobeam dump
\\\ ‘/I -
Voice coil

actuator

To point source

Figure 90: Flip mirror mechanism at the sphere output.
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'/ 4

Figure 91: Point source, extended source and afocal beam dump optical configurations

To enable persistence measurements, it must be possible to shutter the source on a time scale short
compared to typical focal plane integration times (<1 s). For this reason, the design was changed to a
voice coil actuated system. The flag concept provides the mechanical advantage required to translate
the small (+3.5 mm-2.5 mm) motion of the actuator to a large ~25 mm motion of the mirrors (driven

by the beam footprint size).

To meet the diffraction-limited imaging performance requirements, there are stringent alignment
requirements on the point source optical path. For this reason, the mechanism does not interact with
the test beam in the point source configuration ensuring no misalignment is introduced. Alignment
requirements are more relaxed for the extended source, however, reproducible alignment is still
required to ensure uniformity is not impacted. For this reason, mechanical stops ensure reproducible
mirror positioning. Alignment is least critical for the beam dump so the beam dump path is placed in

the centre position where no mechanical stops are possible.
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6.2.4.2 Fine steering mirror

To enable alignment of the OGSE output to the payload, a fine steering mirror is located on the
cryogenic optical bench (Figure 84). The fine steering mirror works in conjunction with course
mechanical adjustment outside the chamber to provide arcsecond alignment over a large adjustment
range (0.5 degrees)®. This mirror also provides closed-loop pointing control (discussed further in
section 6.3.1.1). The baseline tip-tilt stage is based on a commercially available stage CTTPS from JPE.
This will, however, have to be customised by the supplier to accommodate the ~60 mm beam
footprint. The design is based on two piezo linear actuators with flexures. Each actuator includes a

relative optical encoder to aid in the pointing control calibration.

6.2.4.3 Shutters

To enable cryogenic optical shuttering of the sources, three blades are used at the entrance of the
sphere (Figure 19). Their primary function is to block source and thermal radiation when a source is
not in use. The design shown in Figure 92 was developed based on a concept designed by Rory Evans
for PDR. The design at PDR had open and shut functionally. There was also no encoder making knowing
the blade position challenging. Because of this, the shutter was re-designed around a CLD2 actuator
from JPE. This actuator provides 200 nm position information via a resistive encoder (orders of
magnitude better feedback than is required for this application). The enhanced travel range (52 mm)

also allowed functionalities previously designed to be part of other mechanisms to be incorporated

62 This wide range is to accommaodate the angular uncertainty in the optical bench support tower. The
uncertainty in the CTR trolley boresite must still be less than <<520 arcseconds (limited by the

shroud, see 6.2.3.2).
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into a single linear stage. The updated design features, an open aperture, a 1.5 mm hole, a black stop,

and for the VIS source, a short pass filter (Figure 92).

Short pass filter Clear aperture 1.5mm hole Black stop

Figure 92: VIS source shutter bade.

As discussed in section 3.4.3, when the extended sphere output is used focal plane signals are ~100
times larger. If not compensated for, this would saturate the payload detectors. To compensate for
this, a 1.5 mm hole was added to the shutter blade. By only exposing the 1.5 mm hole the sources are
modulated by ~100 times bringing the focal plane fluxes back to usable levels. This 1.5 mm hole will

be used whenever the extended source mode is selected.

The final mode added to the shutter is the FGS tracking mode. In this mode, the VIS source illuminates
FGS to enable alignment monitoring whilst calibration measurements are made on other detectors.

This is enabled by a short pass filter on the VIS source shutter blade (KG5 window from Shott).

The FGS tracking mode is most critical for the wavelength and co-alighment measurements as these
are most sensitive to alignment changes. R-CAL-110 requires the OGSE to verify the co-alignment of
instrument channels to 1/10% pix. In VISPhot, 1/10%" pix corresponds to 40 mas at M1. A method that
involved illuminating one channel, followed by another channel would require the OGSE test beam to
remain stable to this level. This would imply positional stability on the order of a few 100 s of
nanometers across the different OGSE modules — likely impossible. Therefore, a method that provides

a spot on each channel simultaneously is likely critical to achieving this level of co-alignment.

For both the wavelength calibration and the co-alignment, the monochromator is used to produce a

spot on the spectrometers. The spot position is measured relative to the spot on the FGS photometers.
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By adding a shot pass filter to the shutter assembly, the VIS source and monochromator can be
operated simultaneously. The simultaneous illumination enables 1/10™ pix coalignment

measurements. Further details on the proposed method are discussed in (2.2.13 and 2.2.14).

This linear blade, therefore, enables source shuttering, extended source attenuation, and an FGS

tracking mode.

6.2.4.4 Focal/ pupil wheel

The final mechanisms on the cryogenic bench are the focal and pupil wheels. These are additional
features that are not expected to be critical to the OGSE’s core functionalities. These are treated as a
‘goal’ in the OGSE development. They may aid in the initial alighment, as well as provide the capability

of changing the OGSE PSF which is beneficial for certain calibration measurements.

Being able to modify the PSF could be useful when verifying the FGS-centroiding, co-alignment and
wavelength calibration. All these tests are centroiding measurements and are thus sensitive to the
PSF. Given the ground test PSF will be different from the flight PSF, it may be beneficial to test the

centroiding performance for a range of spot shapes.

In addition to changing the PSF, masking the pupil enables the OGSE beam to be stopped down. This
provides a backup method of reducing the WFE in case above expected aberrations are seen during
payload testing. This is at the cost of the diffraction-limited spot size in AIRS. However, this is a possible

failure mode mitigation strategy.

The method and illumination conditions required for focusing the telescope are still to be determined.
In flight, the payload team are considering the use of a dense star field. If required, the focal wheel
could also be used to create a dense star field for ground testing (see Figure 93). To create a dense
star field, a grid of 20 um pinholes can be added at the intermediate focus of the illumination module
(Figure 84). By back-illuminating this grid of pinholes with the extended source, a dense star field can

be produced.
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Figure 93: Dense star field observing mode. The FGS 21" on-sky FOV is shown for scale by the central circle. Axis

are shown in units of degrees.

The large (380”’) FOV of the dense star field enables course (380”) steps when rastering to find the
payload line of sight. For comparison, ~200”” FOV drifts are expected in the payload line of sight during
cooldown [59]. In addition, the density gradient in the star field allows (see Figure 93) rapid centring
on the OGSE optical axis. Finally, the dense star grouping in the centre provides 13 stars within the
FGS 21" FOV. By aligning the payload to a grid stars vs a single point source, it allows off-axis

aberrations to be rapidly identified and optimized.

The planned mechanism to achieve the pupil and filter wheel is based on a CSR1-RRS cryogenic

rotation stage with a resistive encoder.

6.3  ALIGNMENT MONITORING SYSTEM

In section 6.1, the challenges in maintaining alignment during cooldown were discussed. A revised
optical architecture was developed to simplify the alignment monitoring system, however, alignment
monitoring is still required to ensure the illumination module remains co-aligned with the payload. In
this section, the system to enable the alignment monitoring will be presented. An autocollimator
design will be presented that achieves angular and centration monitoring of the payload relative to

the illumination module. Experimental verification of this system will also be presented.
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6.3.1 The three autocollimator use cases

To motivate the autocollimator design, we will discuss the different use cases of the autocollimator,
and how these drive the autocollimator design. Each places different requirements on the FOV/

resolution of the system. The three alignment phases are:

1. The initial, course, module-level alignment.
2. Alignment monitoring during cooldown.

3. Alignment maintenance during observations

The initial alignment and cooldown monitoring is to ensure the OGSE can meet its most fundamental
requirement — getting a focused spot on the Ariel instrument module focal planes. Centration
monitoring is also required to ensure the beam does not vignette in the payload common optics.

Vignetting would cause issues for measurements such as the absolute radiometric calibration.

To ensure the OGSE output lands on the FGS detector, the alignment measurement resolution of the
autocollimator must be better than ~20” (the FGS FOV; R-PRD-8405) FOV). To prevent vignetting of
the test beam within the common optics, the beam expander output beam needs to be correctly
centred to within 0.1 mm (R-PRD-0610). This corresponds to a 1.4 mm centration error at the entrance
of the telescope. Therefore, the autocollimator must be capable of measuring angle and centration to

this level.

During the initial course alighment, misalignment between modules (Figure 16) could be considerable.
The facility tolerancing is, however, still to be measured. A wide (TBD) FOV is expected to be required

to measure the initial co-alignment (at least 10 arcseconds).

Once alignment has been established it must be monitored during cooldown. The challenges
associated with maintaining alignment during cooldown were discussed at length in section 6.1, for
the design of the autocollimator, the resolution and FOV requirements are similar to the initial course

alignment phase.
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After cooldown, a different alignment phase is entered — alignment maintenance. The alignment
maintenance resolution requirements are significantly more stringent than the initial and cooldown
phases and drive the resolution of the autocollimator. The motivation and required resolution will be

discussed here.

6.3.1.1 Alignment maintenance — driving the autocollimator resolution

In flight, Ariel’s pointing information is provided by the FGS. The information from the FGS is sent to
the spacecraft which provides closed-loop pointing control. In this way, 1 arcsecond pointing stability
will be achieved (SR-PER-215, [133]). During ground testing the spacecraft is not present to provide
closed-loop pointing control. Therefore, an assessment must be made as to whether or not open-loop

pointing control would be sufficient during ground testing.

The 1-arcsecond pointing stability to be achieved by the spacecraft in flight is derived from the
spectrometer slit size (4.7” for AIRS CHO; R-PRD-8390). This slit size must account for the PSF size as
well as the misalignment of the incoming light to the slit. If the star was misaligned by more than ~1
arcsecond the outer lobes of the PSF would vignette on the slit. When coupled with a pointing drift
this can result in a photometric error that is important at the level of tens of ppm potentially impacting
the detection of atmospheric signals [134]. In a more extreme case where pointing drifts are a few

arcseconds would cause the star to completely vignette.

During ground testing, we also require arcsecond pointing stability to prevent vignetting of the OGSE
source on the spectrometer slits. Fortunately, the OGSE beam expander magnification leads to a
reduction in the pointing stability tolerance by four times. This does, however, still mean that the
OGSE pointing relative to the payload needs to be stable to 4 arcseconds during a calibration
measurement. To enable characterization of the payload’s noise on the timescales of a transit, the
OGSE is designed to make measurements on up to 10-hour timescales (R-PRD-0470). This means that

the OGSE needs to maintain arcsecond pointing stability on thermal timescales.
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A tolerance analysis was performed to assess if the OGSE would be able to achieve arcsecond stability.
This analysis was performed before the periscope tradeoff so the analysis was based on the original
target projector module design. Nominally the 4 arcsecond end-to-end stability was sub-allocated in

the following way:

e lllumination module drift relative to the target projector - 1”

Target projector internal thermoelastic drift — 0.5”

CTR interface with target projector - 1"

CTR interface with payload — 1"

Payload internal thermoelastic drift - 0.5”

The target projector had a 12.5 times magnification. Therefore, angular drifts between the
illumination module and the target projector get contracted by 12.5x. We are therefore significantly
more sensitive to tilts of the target projector compared to illumination module tilts. Efforts were

therefore focused on defining the required stability at the feet of the target projector.

The feet of the target projector were separated by 0.59 m. Therefore, to achieve 1” stability, the feet
would need to be stable to 3 um over a ~10 hr measurement. Specifically, this refers to relative
motion between the feet. This is expected to be an un-buildable stability tolerance of the interface.
This tolerance would need to account for thermoelastic drifts in the target projector/trolley as well as
settling effects after cooldown. The likely impossibility of this requirement was confirmed by a CTR

thermoelastic analysis of the interface.

Three solutions were considered to reduce the pointing drift issue:

1. Open loop pointing control
2. Closed loop pointing control using the FGS

3. Closed loop pointing control using the OGSE autocollimator
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6.3.1.1.1 Open loop pointing control

Open loop pointing control would rely on manual re-alignment if the OGSE source drifts during a
measurement. This option would likely limit the maximum measurement time, though until the
system is built and the optical stability is measured, we will not be able to reliably estimate the
maximum measurement timescale. This is the simplest option but likely has a significant impact on

the calibration of the Ariel payload due to uncontrolled pointing drifts.

6.3.1.2 Closing the loop using focal plane data

Closed loop pointing using the focal plane data would be the closest analogue to in-flight operation.
Centroids of focal plane frames would be used to measure pointing drifts. The centroids would be
transmitted to the OGSE and we would adjust the fine steering mirror (Figure 84) to compensate. The
main drawback of this method is it will not function during all observations. When the extended source
is used, centroiding is impossible meaning the system may drift. Moreover, some calibrations also only
illuminate Airs and not FGS. When this is the case, Airs must be used for centroiding. In principle it
should be possible to centroid on a spectrum e.g. by cross-correlation of the focal plane image,
however, Airs is not designed for centroiding and this approach is still to be tested. This method does

require an additional software interface between the OGSE and the payload.

6.3.1.3 Closing the loop the OGSE autocollimator

The final option involved closing the loop using the autocollimator. The autocollimator would use a
laser to retroreflect a beam off a target in the illumination module and a cube mounted on the payload
to track the global motion between the systems. The drifts seen by the autocollimator would then be
used to actuate the illumination module fine steering mirror. The key drawback of this approach is the
autocollimator does not follow the same end-to-end optical path as the source. This means the

autocollimator may see different drifts compared to the test beam.
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Initially, it was planned that the autocollimator ray would be injected just after the illumination
module collimating mirror and would be on-axis with respect to the test beam but decentered above
it. The decentered autocollimator beam would then follow the same optical path as the test beam all
the way to the beam expander where it would be picked off and retroreflected back to the illumination
module. In this way, the autocollimator follows most of the same optical path as the test beam
providing optimal alignment monitoring. However, restrictions imposed by the baffle size made this
approach significantly more complex meaning a simplified version of this method was taken. The
simplified approach uses a reflective target on the illumination module optical bench and the payload
alignment cube. The autocollimator then tracks the global shifts between these systems but will not

see any internal deformations within the illumination module, periscope or payload.

There are three advantages to the autocollimator approach. (1) it does not require a software
interface to the payload, (2) monitoring is possible during all observations and (3) the autocollimator
has a significantly larger FOV than FGS (750" compared to 84" for FGS with the beam expander). If
aliment changes are not smoothly varying (e.g. due to bolt slips after cooldown), this could push the
spot outside the FGS FOV. The autocollimator, would, therefore, be more robust to large (>84")

alignment changes.
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6.3.1.4 Alignment monitoring trade-off summary

Long- Functionality | FOV Testability/ | Complexity | Total
timescale in all additional
measurement | measurement interfaces
performance | conditions
Open loop 0 0 1 2 2 7
Closed loop 2 0 1 0 0 7
with focal
plane
detectors
Closed loop 1 2 2 1 1 12
with OGSE
autocollimator
Weight 3 2 1 1 2

Table 25: Pointing control trade-off matrix

Based on this trade-off, the decision was taken to adopt closed-loop pointing using the OGSE

autocollimator. This was largely motivated by the autocollimator being usable in all test configurations

—including the extended source. Additionally, the payload team were concerned about the software

interface to the spacecraft. This approach, is, however, at the cost of pointing accuracy as the

autocollimator due to the different paths between the test and laser beams (Figure 21).

6.3.2 Autocollimator Design

The autocollimator, therefore, has three core functions: establishing initial alighnment of the system,

monitoring changes during cooldown (open loop) and fine closed-loop alighment maintenance during

observations. These uses drive the following performance requirements for the autocollimator:

e To keep the OGSE spot within the spectrometer slit, it must be possible to track changes in

alignment to <4 arcseconds.

e To prevent vignetting in the common optics, centration must be measured to better than 1.4

mm resolution.
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e The FOV of the system is driven by the initial ambient alignment of the illumination module
to the CTR trolley and should be maximised, though the required FOV is TBD but definitely
must be large compared to 200”3,

e The autocollimator will be accommodated outside the illumination module chamber. It

therefore must meet these FOV and resolution requirements at a ~7 m working distance.

A selection of commercial alighment telescopes/ autocollimators were considered. However, no
acceptable solutions were found. The combination of the need for a large (>>200" FOV) and a long
(>7 m) working distance means the size of the entrance optic becomes critical. The custom design
allows improvements in the FOV of the system as well as simultaneous tracking of decentre and angle

—something that is not possible with commercial solutions.

The solution for meeting these requirements is shown below in Figure 94. A laser is first attenuated
by an ND filter to prevent saturation of the detectors. The laser is then spatially filtered to produce a
diffraction-limited 5mm beam. The output of the spatial filter is then expanded by 10.6x. A z-fold is
then used to align and relay the autocollimator output to the illumination module cryogenic bench.
On the cryogenic bench, there is a reflective annulus (Figure 84) that retroreflects the outer portion
of the laser beam. The central portion of the beam propagates onwards to the payload and

retroreflects off the payload alignment cube.

6 As an example, the uncertainty in the CTR trolley position on the rails is expected to be less than
200’ and 5 mm in translation. However, the angular deviation of the rails outside the chamber is

expected to considerably larger than this, though this is still to be measured.
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Figure 94: Autocollimator architecture

The return beam from both alignment targets passes backwards through the beam expander,
contracting the beam by 10.6x. The beam then passes through a beam splitter cube directing the beam
to two detector channels. A focal imaging channel for angular monitoring and a pupil imaging channel

for centration monitoring.

6.3.2.1 Focal imaging channel

The focal imaging channel (Figure 94, Figure 95) is used to monitor angular variations of the
illumination module relative to the payload. This channel, therefore, must meet the <4 arcsecond

resolution and >200” FOV requirements.
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Figure 95: Autocollimator optical layout

The field of view of the autocollimator is limited by the diameter of the entrance optic. 2-inch diameter
optics are the largest lenses compatible with commercially available optical cage systems. Larger
optics than this would also be prohibited by the size of the RAL liquid nitrogen shroud cutout.

Therefore, a 2 inch aperture was chosen.

To translate this aperture to the FOV of the system, we consider the decentre of the return beam.
When the return beam is decentered by 2.5 cm, the beam will be almost completely vignetted by the
autocollimator. Therefore, over a 7 m working distance, the autocollimator FOV = arctan(2.5 cm /

7 m) = 750". This 750” FOV was then used to size the plate scale of the imaging channel.

A BFS-U3-120S4M-CS CMOS detector was chosen for its high resolution (4000 x 3000 pix) low noise (3
e-) operation at visible wavelengths. This detector has a focal plane area of 7.47 mm by 5.6 mm. To
maximize the angular resolution of the system, the +750” FOV should fill the detector area. This
implies we need an effective focal length of 0.77 m. Accommodating 0.77 m would lead to an
unreasonably large system so the effective focal length should be achieved by a 10 times beam

contractor followed by a 7.7 mm focal length imaging.

With this plate scale, each pixel has an angular size of 0.5”. This allows oversampling relative to the

4" resolution required for closed loop pointing control during calibration measurements. The
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anticipated imaging quality is shown in Figure 96. In this figure, the payload cube (top) is tilted by

100" relative to the illumination module annulus (bottom).

Coherent
Irradiance

Y coordinate value

-3.7 -2.96 -2.22 -1.48 -0.74 0 0.74 1.48 2.22 2.96 37
X coordinate value

Figure 96: Simulated focal plane image for the focal imaging channel. Simulation evaluated with a 0.01 degree

tilt of the payload cube. Positions shown are shown in mm.

The centroiding accuracy depends on the spot size in the detector channels. The predicted FWHM in
the imaging channel is 5"’ for the PLM cube and 2" for the annulus (Figure 97). Given the size of the
PSF and that the PSF is Nyquist sampled, it should be possible to find the centroid of each spot with a
resolution better than 4” with a considerable margin. This <<4” centroiding accuracy enables the

closed loop pointing control to keep the spot within the payload spectrometer slits.
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Figure 97: simulated image cross-section for the annulus (left) and the payload alignment cube (right).

Positions shown are shown in mm. Irradiance is shown in arbitrary units.

6.3.2.2 Pupil imaging channel

In addition to the imaging channel, common to all alignment telescope systems, this design features
a novel pupil imaging channel. This provides centration monitoring. When using a standard alignment
telescope, three focuses are required to align the system (focus at target 1, focus at target 2, focus at
infinity). The first two of these provide the centration measurement, the latter provides the angular
misalignment. The alignment process then follows an iterative sequence of adjustment and cycling
through the different focuses on the alignment telescope. The design presented here is expected to
significantly simplify the alighment process by providing instantaneous, simultaneous tracking of

decenter and tip-tilt.

To achieve the centration monitoring, a detector is placed within the collimated retroreflected beam
(Figure 95). A simulated detector image is shown in Figure 98. The annulus seen is the retroreflection
from the illumination module alighment target. The square is the retroreflection from the PLM
alignment cube. The illumination module is correctly centered when the centroid of the square lies

within the center of the annulus.
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Figure 98: Simulated detector image for the pupil imaging channel. Positions shown are shown in mm.

Irradiance is in arbitrary units.

The centration range viewable by the detector is also limited by the size of the 2 inch output lens. The
2 inch lens provides approximately +2.5 cm centration error between the illumination module and
payload before un-usable vignetting occurs. This is an order of magnitude larger than the expected
misalignment of the CTR trolley relative to the illumination module (a few millimetres). Therefore, the

pupil imaging channel is expected to provide a sufficient range.

To achieve the £2.5 cm range of centration measurements, a magnification factor must be introduced
to condense the 2 inch beam, onto the 5.6 mm detector. Fortunately, the 10 times magnification
required for the imaging channel is sufficient to map the 2 inch centration range onto the detector

area.

The 1.85 um pixels of the detector corresponds to 20 um resolution monitoring of the illumination
relative to the payload 1.4 mm centration requirement. Therefore, the pixel scale will easily

oversample the required resolution.

To ensure the centration monitoring channel measures pure centration and is not impacted by tilts,

the centration monitoring channel is placed at a pupil of the system. In this way, the beam position at
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the detector is independent of the tilt of the payload. The long (~7 m) distance between the
autocollimator and the payload means that with just a 10.6 times beam contractor no usable pupil
exists. To overcome this a Cooke triplet is added to generate an accessible pupil. The pupil position
can be seen from the chief ray trace (Figure 99). The position of the detector can be adjusted relative
to the Cook triplet to change the working distance of the pupil imaging channel. This design
accommodates working distances from 0 to 8 m covering the full range of anticipated working

distances (approx. 6-7.5 m).

i 200 mm

Figure 99: Chief ray trace. The optical axis is shown by the pink ray. The chief ray is shown in blue. The figure
was evaluated with a 7 m payload distance and a 0.1 degree field offset in the return beam (corresponding to

a 0.05 degree tilt of the payload).

6.3.3 Autocollimator testing

To demonstrate the performance, the autocollimator described in 6.3.2 was built and tested. For the
autocollimator, the critical requirements to verify are the resolution and the FOV of the system. Both
the FOV and resolution can be impacted by the design, but also the as-built alignment. In this section,
we will therefore assess the imaging quality of the system to assess the impact of manufacturing and
alignment aberrations. We will also check the FOV of the system, this is to check for vignetting internal

to the autocollimator system. Finally, the resolution of the pupil imaging channel will be verified.
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To test the autocollimator, a ¥%-inch® square mirror was placed in front of the autocollimator shown
in Figure 94. This square mirror referred to here as the payload cube simulator, was intended to
represent the optical surface of the payload cube (see Figure 98). Due to procurement delays, the

annulus (Figure 84) was not present during the testing of the autocollimator.

During testing a few adjustments were made to the autocollimator design shown in (Figure 94). It was
not practical to place the payload cube simulator 7 m away from the autocollimator (the nominal
optical path length when the payload is in the 5 m vacuum chamber). The payload cube simulator was,
therefore, positioned ~30 cm in front of the autocollimator. This, however, shifts the z position of the

pupil. Because of this, the pupil imaging detector was moved back by ~6 cm.

The detector channel location was only a temporary change required in the test configuration,
however, a couple of permanent optomechanical design updates were identified. The z-fold at the
output of the autocollimator (Figure 94) required modification. Despite being designed for 2-inch
elliptical optics, the KCB2/M mount for the z-fold at the front of the autocollimator has a limiting
aperture of 42.0 mm which would vignette the beam going to the annulus. This Z-fold was, therefore,
removed during testing. Subsequent iterations of the autocollimator will use two freestanding 3-inch

circular flats to create the output z-fold.

It was also found that the mechanical constraints imposed by the cage system were insufficient to
align the spatial filter to the beam expander (Figure 94) and to align the imaging channel to the beam
expander. The fixed cage cubes (Figure 94) were, therefore, replaced with kinematic mounts to

provide additional adjustability to align the modules within the autocollimator.

® This is the closeset commercially available flat to the 15mm payload alignment cube
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Other than the position of the pupil imaging channel (due to practical testing constraints), and the
described mirror mount updates, the test version of the autocollimator was as shown in Figure 94.
The system was assembled using a series of cage-mounted alignment targets and a half-wave plate
collimation tester. The resulting signal in the two detector channels is shown in Figure 100. The left,
focal channel allowed angular changes in the PLM cube simulator to be monitored. The right figure

allowed centration changes in the PLM cube simulator to be seen.

Figure 100: Sample (zoomed in) detector views. Left shows the focal imaging channel. Right shows the pupil
imaging channel.
The measured signals (Figure 100) were then used to verify several key performance metrics. Of
particular importance to the alignment monitoring is the PSF. To achieve < 4-arcsecond angular
monitoring, the PSF must be of a similar size® or smaller. The PSF will be impacted by design
aberrations, manufacturing errors as well as alignment-induced aberrations. The observed spot is
shown in Figure 100 demonstrating diffraction-limited performance (limited by the PLM cube

simulator size). Figure 101 shows a comparison between the measured and predicted focal plane

% It will be possible to achieve sub-spot size alignment monitoring by centeroiding.
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signal, showing excellent agreement. The image has an FWHM of 29.6 microns = 8 arcseconds at the
autocollimator output. By centroiding, sub-spot size tracking can be achieved (see e.g. [39]), enabling
the < 4-arcsecond closed loop pointing control. This ensures we can keep the OGSE spot within the

payload spectrometer slit during long calibration measurements.
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Figure 101: PSF comparison between the model and measured values.

Another key performance metric of the autocollimator is the FOV. This is particularly critical in the
initial phases of alignment when the misalignment between the systems may be considerable
(tolerance TBD). The goal of this test is to assess if any of the optomechanical components clip the
beam and limit the FOV. To assess the FOV, the PLM cube simulator was tilted to steer the return
beam over the autocollimator FOV. It was found that the full extent of the detector array could be
illuminated. This is shown in Figure 102 by the images at the corners of the array (positional
differences were limited by pointing jitter). This confirms that in the test configuration, the detector
limits the FOV confirming no significant vignetting within the autocollimator imaging channel. It should
be noted though, that the true FOV of the autocollimator depends on the working distance. This is

due to the decentring of the return beam causing clipping on the 2 inch collimating lens (see 6.3.2.1).
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Figure 102: FOV testing of the imaging channel. The payload cube simulator has been steered to the corners of

the imaging channel FOV. This figure is shown with four images overlaid.

To assess the centration measurement resolution, the image shown in Figure 100 was horizontally
integrated over the full array. The integrated image of the cube is shown in Figure 103. Stray light was
noticeable in this channel, giving rise to the continuum seen. The stay light was largely caused by the
monitor used during alignment teasing. In the final autocollimator setup, cage-mounted baffling will
be used to reduce this effect. However, the cube can be clearly seen above the stray light and the

stray light did not limit the centration measurement accuracy.

The width of the edge of the cube in the image is ~14 pix (Figure 103). This corresponds to ~ 0.27 mm
uncertainty in the position of the cube. This is easily compliant relative to the 1.4 mm requirement.
This shows the autocollimator will be capable of measuring the payload cube location to a level that

will prevent vignetting of the OGSE test beam.
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Figure 103: Horizontally integrated signal from the payload cube simulator

The remaining question to be addressed is the alignment monitoring performance of the annulus
(Figure 84). This will be the subject of future work. For the angular monitoring channels, the use of the
annulus will be straightforward. For the centration detector channel, there are additional subtleties.
The centration detector does not lie in a pupil plane of the annulus (unlike with the payload cube).
This means that the image in the centration channel will be dependent not only on the position of the
annuls, but also on the angle. When designing the system, two approaches were considered to resolve

this. The first approach would be to guarantee the annulus is on-axis with respect to the
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autocollimator output. This can be achieved e.g. with a crosshair at the output of the autocollimator®®.
The other option would be to measure centration changes by analysis using data from both the
centration and angular channels. Given the angular data from the focal channel, it should be possible

to correct the angular contribution to the measured centration error.

Moreover, because the detector does not lie at a pupil, diffraction effects may prove significant.
Diffraction will cause interference effects to be seen in the centration channel, potentially causing a
reduction in the measured centration accuracy. An annulus has been sent out for procurement and

the questions relating to centration accuracy will be assessed by test shortly.

6.4 CONCLUSIONS

In this chapter, the OGSE optical design was presented. The current design was a consequence of a
trade study that assessed the feasibility of monitoring, and compensating for thermoelastic
deformations. It was found that a considerable reduction in complexity could be achieved if all
powered mirrors were incorporated into the illumination module leading to the design shown in

Figure 84.

The tradeoff was largely a consequence of the number of degrees of freedom in the PDR design.
Thermoelastic analysis was used to confirm the need for ~11 degrees of freedom in the old design.

This number of degrees of freedom poses challenges for the mechanism design. The driving source of

® The crosshair would sit in the collimated beam at the output of the autocollimator in the collimated
beam. The crosshair will therefore mask the laser in both the outbound and return directions. By
ensuring the obscured parts of the beam overlap in the outbound and return directions, the mirror

can be shown to be on-axis.
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complexity, however, is constraining these degrees of freedom. The payload requires a collimated
input to enable the focusing of the telescope. The OGSE, therefore, requires an independent means
of monitoring and correcting OGSE thermoelastic deformations. To enable this monitoring, a pupil-
scanning autocollimator was proposed. This enables a series of alighnment targets to be viewed, and
changes in angle, centration, and optical path length to be tracked. The monitoring system was,

however, horrifyingly complex.

Due to this complexity, a trade-off study was conducted. The goal of the trade study was to reduce
the number of degrees of freedom in the design and reduce the need for alignment monitoring. By
incorporating the powered optics into the illumination module, only the illumination module to
payload alignment needs to be tracked; a significant reduction compared to 5 laser references with
the PDR design. The updated design also incorporated all the complex optics into the illumination

module chamber enabling de-risking in Oxford.

A design was then presented which enabled the illumination module to output a % aperture beam (28
cm in the major direction). It was then shown that this design would be consistent with the optical
quality, FOV, and flat fielding requirements. To meet the remaining illumination module design
requirements, mechanism designs were presented. These include the rapid (<1 s) stuttering required
for persistence measurements, cryogenic shutter blades for low-background spectral characterisation,

and filter wheels for use during alignment.

Whilst it was possible to remove most alignment monitoring, one alighment target remains: the
payload alignment cube. This enables motion between the illumination module relative to the payload
to be tracked. The design of this alignment monitoring system is described in section 6.3. The design
used two detector channels, one to measure centration, and the other to measure angular shifts. This
provides all the information required to track the global motion between the illumination module and

the payload. The autocollimator was constructed and its performance was verified. It was shown that
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the design was capable of meeting the centration and angular resolution requirements as well as

meeting the 750" design FOV.
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7 CONCLUSIONS AND FUTURE WORK

7.1  THESIS SUMMARY

Ariel will use the transit spectroscopy method to observe the atmospheres of ~1000 exoplanets
atmospheres. To detect molecular absorption features, Ariel will produce medium-resolution spectra
(R = 15) of exoplanets using three spectroscopic channels 1.1 —7.9 um as well as having photometric
channels covering 0.5 — 1.1 um. The technical driver for Ariel, though, is the photometric stability.
This is to enable the detection of atmospheric spectral features that are tens of ppm relative to the

host star, Ariel aims to have tens of ppm stability over long (10 hr) timescales.

To enable Ariel’s ambitious scientific goals, detailed calibration is also required. In Chapter 2 it was
discussed how the OGSE would be used to calibrate the Ariel payload. These calibration
measurements require a broad range of illumination conditions to perform these measurements. In
Chapter 3, radiometric modelling was presented to simulate the focal plane signals when the payload
is illuminated with the OGSE. Two particularly challenging tests are the payload photometric stability
and the payload dark current testing in Chapters 4 and 5 we explored the consequences of these tests
on the OGSE design. In Chapter 6 the OGSE optical architecture to achieve the planned calibration

measurements was presented. Here we will summarise the key results from each section.

In Chapter 2, the payload-level ground calibration plan was presented. This was created to define the
methods the OGSE will use to calibrate the payload. This work was completed for two reasons. Firstly
it was to identify areas where verification is not possible at the payload level. This includes tests such
as out-of-field stray light. Special emphasis must be placed on sub-system verification of tests not
possible at the payload level. In cases where payload-level verification is possible, the methods
planned at the payload level directly inform performance requirements for the OGSE system. This

includes parameters such as the spectral resolution of the monochromator, the uniformity of the
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sphere, as well as functionalities such as rapid (<1 s) cryogenic shuttering for persistence

measurements.

The calibration measurements described in Chapter 2 require a diverse range of fluxes (K-magnitude
of 8.8 to 3.25). In Chapter 3, radiometric modelling work was presented to demonstrate the OGSE is
capable of simulating the range of stellar targets Ariel plans to view (GJ 1214 to HD 219134). Source
designs were presented to meet the bright target flux (HD 219134). However, for the monochromator,
achieving an output flux brighter than the faint target proved challenging. This informed several
improvements to the preliminary OGSE optical design including: A variable slit to allow for special
width optimisation, grating optimisation, a switch from gold to silver mirror coating to improve the
throughput in the short-wave payload photometer (0.5-0.55 pum) and a reduction in the sphere size to
(30 cm to 15 cm). The sphere size reduction is, however, a trade-off against the output uniformity. A
feasibility study was conducted to assess the uniformity of a 15 cm sphere. A peak-to-valley uniformity
of ~0.2% was predicted, consistent with the 0.5%. This enabled the reduced sphere size to be used

and the output flux requirements to be met.

In Chapter 4, the feasibility of one of the most challenging calibration measurements was assessed -
the verification of the payload photometric stability (see 2.2.5). An integrated OGSE-Ariel simulator
was used to produce time-domain simulations of the photometric stability test. In particular, the goal
was to assess how OGSE source variability would impact the photometric stability verification
measurement. The analysis confirmed the expectation that reference detectors would be needed to
monitor and correct source variability. It was also possible to place bounds on the maximum noise and

gain stability of the OGSE reference detectors.

Literature data was then used to assess the noise/stability of different detector types, as well as
determine the thermal sensitivity of the detectors. Literature data indicated the OGSE MCT detector
candidates would have a QE that has a strong temperature dependence (8600 ppmK™1, see

4.3.1.3.1), implying the OGSE detectors would require mK thermal stability, a challenging requirement.
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A thermal control model was presented to assess the achievable level of thermal stability. It was found
that temperature control parameters (PID) exist that can stabilise the expected boundary condition
variability whilst being robust to temperature sensor noise. This indicated that mK thermal stability of
the OGSE reference detectors may be achievable. This thermal stability enables the reference
detectors to meet their gain stability requirements and enables the OGSE to verify Ariel’s photometric

stability.

In Chapter 5, we considered the OGSE thermal design. End-to-end simulations were presented to
assess how cold OGSE optics must get. It was found that to test the payload dark current, all OGSE
optics must be less than 70 K. FEA models were then presented to assess the compliance of the
illumination module thermal design. It was found that with the enlarged illumination module, the
ambient radiative load on the shroud would likely prevent the optical bench from reaching 70 K.
Moreover, the results were extremely sensitive to the MLI emissivity, an uncertain parameter (see
5.2.2.4). To resolve this, a two-stage thermal design was proposed and is under discussion with the

RAL facility team.

In addition to thermal emission from the OGSE’s optical surfaces, thermal stray light may also cause
issues for testing Ariel’s detectors’ dark current. A model was presented to assess the impact of
thermal stray light from various surfaces within the test facility. The model found thermal emission
from the 293 K Payload Interface Plate (PIP) would be a significant stray light source when enclosed
in the CTR, causing a focal plane signal 10® times larger than the payload dark current. This model did,
however, suffer from the limitation of using a thermal model for the ray trace. Because of this, full

BRDF scattering was not possible, nor was it possible to determine the stray light path.

It has been shown that the current illumination module thermal design produces marginal
performance relative to the 70K requirement, however, with a two-stage design this risk will be

removed. With the updated design, thermal emission from OGSE optical surfaces can be made to be
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small compared to the payload dark current. The main risk to dark testing of the payload remains stray

light which will be assessed during payload EM testing.

In Chapter 6 we considered the OGSE optical architecture. In particular, we considered the feasibility
of maintaining alignment of the PDR design over the vast (~210 K) range of operating temperatures.
It was found that to maintain alignment over this temperature range, ~11 degrees of freedom are
required in the OGSE system. This presents challenges with the number of cryogenic mechanisms, but
more significantly, constraining all these degrees of freedom was found to be horrifyingly complex. A
pupil-splitting autocollimator was proposed to monitor the deformations, however, this was a

challenging system requiring 5 reference surfaces to be monitored.

A trade-off study was presented to simplify the alignment monitoring systems. This led to a major re-
design in the illumination module and target projector designs. The optical design for the new
illumination module was presented, as well as an analysis to demonstrate the design is capable of the

various calibration functions.

Whilst it was possible to greatly simplify the alignment monitoring requirements, four degrees of
freedom remained — the motion of the illumination module relative to the payload. To achieve this
monitoring, an autocollimator system was designed (section 6.3). This system monitors an annulus on
the illumination module optical bench and the payload alignment cube to ensure alignment between
the illumination module and the payload. Experimental testing was then conducted to verify the
angular and centration measuring performance of the system. In all cases, the design was found to be

able to monitor alignment changes to a level consistent with the testing of Ariel.

7.2 FUTURE WORK

The work completed in this thesis focused on performance simulation, requirement derivation and
design; all to enable the calibration of the Ariel space telescope. The OGSE has now completed the

System Requirement Review (SRR) and Preliminary Design Review (PDR) for all its sub-systems. The
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performance analysis and requirements derivation are now well-defined. Future developments of the
OGSE will focus on developing the design maturity for Critical Design Review (CDR), as well as
experimental verification of the performance of the system as we enter the build phase. Here we will

describe key areas of development relevant to each of the thesis chapters.

In section 2, the plan for payload-level testing using the OGSE was described. The methods described
provide a comprehensive set of methods to perform all the tests currently required by the payload.
The payload calibration requirements are still expected to change, with new products such as the
super-bias expected to be required. Moreover, there is a drive to standardize calibration methods
between the sub-systems, payload level testing and flight. There is also uncertainty regarding how the
OGSE will be used to focus the payload (see e.g. 6.2.4.4). Defining and agreeing on the remaining tests/
methods remains key for the OGSE development pre-CDR. In particular, we must demonstrate the

OGSE design is capable of all illumination conditions required for testing of the payload.

In Chapter 3 radiometric modelling results were presented. This was to predict the focal plane signal
when the payload is being illuminated by the OGSE. This analysis has remained stable for a while now,
with the key design parameters for throughput frozen. Testing is, however, required to validate the
end-to-end throughput of the system. These OGSE throughput measurements will also be used as a

part of the radiometric calibration of the payload (section 2.2.1.1).

In Chapter 4, a particularly challenging calibration measurement was considered — photometric
stability verification of the payload. To test the payload's photometric stability, the OGSE must meet
several stringent performance requirements. The analysis presented in Chapter 4 showed the required
noise/ stability in the OGSE reference detectors (Table 9, Table 10) as well as the need for mK thermal
stability. To demonstrate the feasibility of verifying Ariel’s stability, efforts should be focused on
characterising the OGSE reference detectors and readout electronics. In particular, the long-timescale
(~10 hr) noise and stability are expected to be particularly challenging relative to the tens of ppm

required to test the payload.
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The thermal stability of the OGSE reference detectors remains critical to testing the photometric
stability of Ariel. A commercially available solution has been found that can monitor and control an
ideal thermal system with 1 mK stability implying achieving mK stability should be possible. Moreover,
section 4.4 showed PID parameters exist that can stabilise the expected thermal boundary condition
variability. The thermal control model was, however, a nodal model that assumed an isothermal
optical bench. There is still a risk that the thermal control system could drive time-varying thermal
gradients preventing mK stability of our reference detectors. Minimising this effect may require

optimisation of the heater/ temperature sensor locations.

In addition to thermal control, the steady-state temperatures are also challenging. Cryogenic
operation of the OGSE optics (<70 K) is required to enable testing of the dark current payload detectors
(driven by Airs CH1). The FEA analysis presented in Chapter 5, showed <70 K optics would likely not
be possible with a single-stage illumination module thermal design. A liquid nitrogen cooled shroud
concept was proposed to resolve these challenges. An alternative approach using a 2-stage thermal
design with two cold heads would likely also be sufficient. The thermal trade-off between these
options will be the subject of immediate future work. However, it seems likely that the decision will

be driven by RAL test facility constraints.

The optical design of the system was discussed in Chapter 6. The optical design is stable and has been
shown to meet all the optical performance requirements. The immediate priorities for the
development of the optics are related to the illumination module optomechanics. Cryogenic operation
of the optics poses several challenges to optical mounting. Firstly, stress-free mounts are required to
ensure thermal stresses do not cause WFE on the mirrors’ surfaces. Moreover, the detailed design of
the cryogenic adjustment stages and mechanisms requires finalising. With the detailed design of the
mounts and adjusters, a tolerancing analysis will be conducted on the OGSE mirrors’ positions. The
positional tolerancing analysis results can then be combined with thermoelastic analysis and predicted
manufacturing aberrations to predict the expected aberrations in the OGSE output beam. The

predicted aberrations will then be compared to the WFE required to test the payload.

Page 249



The combination of this future work will put the OGSE in an excellent position be begin the build and

test of the OGSE.

In this thesis, the payload-level testing of the Ariel payload has been explored. It has been shown that
calibrating the Ariel payload places many stringent performance requirements on the OGSE system.
Designs to meet these stringent requirements have been presented. As the OGSE progresses from the
design to the build phase we hope to test and show the performance of the OGSE system. This system
will then be capable of calibrating the Ariel payload, enabling Ariel’s ambitious scientific goals of

characterising the atmospheres of 1000 exoplanet atmospheres.
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9 APPENDICES

Appendix A: Monochromator radiometric model data

Model Line density (g/mm) Blaze wavelength Quoted  wavelength
range
GA-T312R0U75 1200 Plane ruled, 750nm | 300-1,200
blaze
GA-T304R1U6 400 Plane ruled, 1.6um | 1,000-3,000
blaze
GA-T3015R4U0-AU 150 Plane  ruled, 4um | 3,000-10,000
blaze. Gold coated.
Table 26: Grating configuration for operation within Ariel’s wavelength range
Model Line density (g/mm) Blaze wavelength Quoted  wavelength
range
GA-T318R0OU4 1800 Plane ruled, 400nm | 250-900
blaze
GA-T301R9UO-AU 100 Plane  ruled, 9um | 4,500-16,000
blaze. Gold coated.

Table 27: Grating configuration for out-of-band radiation testing
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Figure 104: Transmittance of order sorting filters [135]

—0S10500
—0S6000
—0S3600
—(0S2000
051250
0S700
0S400

20000

Configuration Part Wavelength range Supplier
(wheel number-
position number)
1-1 0S400 400-700nm Bentham
1-2 0S700 700-1250nm Bentham
1-3 051250 1250-2000nm Bentham/NOC
1-4 052000 2000-3600nm Bentham/NOC
1-5 0S3600 3.6-6 um Bentham/NOC
2-1 0S6000 6-10.5 um Bentham/NOC
2-2 0510500 10.5-21 um Bentham/NOC
1-6 & 2-3 Clear - -
2-4 Shuttered - Bentham
2-5 ND - Thorlabs

Table 28: Planned monochromator filters
Parameter Value Comments
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Mono Vis source temperature

3360K

Bentham IL1

VIS filament dimensions

4.7mm*2.7mm

(h*w) 64623 HLX

VIS source F# 1

Vis source emissivity 0.8

VIS source throughput 0.9 Reflective relay to
monochromator

Mono IR source temperature 1250K Bentham IL8

IR filament dimensions

3.5mm (D) x 12mm (L)

(h*w) IR-SiX Series Hawkeye

IR source F# 1
IR source emissivity 0.8 IR-SiX Series Hawkeye
IR source throughput 0.9 Reflective relay to

monochromator

Short grating line spacing

1200 lines per mm

Mid grating line spacing

400 lines per mm

Long grating line spacing

150 lines per mm

Grating efficiency 0.5 (see Figure 106 for short
grating)

Short grating coverage 0.5-1.2um

Mid grating coverage 1.2um-3um

Long grating coverage 3um-7.8um

Slight Height 2cm TMc300 data sheet

Monochromator F/# 4.1 TMc300 data sheet

Monochromator focal length 300mm TMc300 data sheet

Monochromator internal angle | 2*0.2333 Angle between entrance and
exit collimators

Pre sphere optics throughput 0.5 (also accounts for order sorting

filter throughput + throughput
of mirrors within the
monochromator)

Window throughout

0.7if0.375 < A < 13um
else 0.01

(ZnS, see Figure 105) Out of
band is an upper bound.

Sphere reflectivity

0.35if A < 0.55um
0.94if 1 > 0.55um

Infragold see figures below

Port fraction

5%

Pinhole diameter

50um

Sphere output F/#

24

(geometric average of major
and mirror directions)
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Post sphere optics throughput 0.5 (also accounts for order sorting
filter throughput + throughput
of mirrors within the
monochromator)

Table 29: Assumed parameters in the monochromator radiometric model
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Figure 105: Chamber window transmission spectrum [136].
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Figure 106: GA-T312R0U75 grating efficiency curve [137]
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Figure 107: Infragold reflectance used in the model. Up to 2 microns, Thorlabs [138] data was used. At longer
wavelengths, a constant value was assumed based on data from Labsphere. To account for the difference in

reflectivity between specular gold and Infragold, the Thorlabs data was scaled to match the Labspehre data.

Appendix B:Spectral irradiance derivation
In section 5.3.1.1 a brief derivation of the mirror’s irradiance was provided. Here, a more detailed

justification is provided. In the first part of this derivation, the goal is to evaluate the spectral power
absorbed at a mirrors surface. This thermal power originates from ambient (or close to ambient
surfaces) within the CTR. The absorbed spectral power can be calculated using the radiative transfer
coefficients from ESATAN (Gr) and the emitting surface temperature. Finally, given the absorbed
spectral power and the emissivity of the mirror, the spectral irradiance at the mirrors surface can be

calculated. Given also the BSDF, the stray light radiance can be calculated.

Use of the ESATAN thermal model to predict the radiative coupling between stray light sources and

mirrors

A non-cryogenic surface (e.g. the PIP plate) emits black body radiation with a radiance equal to

€pipBB (Tpip, 1) A fraction of this radiance will be absorbed by a mirror’s surface.
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The distribution factor Dy, mirror is defined to be the fraction of the total power emitted from the

pip plate that gets absorbed by the mirror:

Papsmirr
_ _ Al
pip—mirror EpipBB(Tpip:A)Apip” (A1)

Therefore, the total bolometric power absorbed by the mirror from the pip plate is:

oo

cDAbsMirr = f PAbsMirrd/1 = f Dpip—>mirrorEpipBB(Tpip:/1)Apip7'[d/1 (AZ)
0

0

Assuming a wavelength-independent PIP MLI emissivity and distribution factor:

D ppsmirr = DpipﬁmirrorepipApipT[f BB(Tpipr A)d/l (43)
0
= DpipemirrorepipApipo-T;ip (A4)

Similarly, we can consider the (albeit small) flux emitted by the mirror that gets absorbed by the pip

plate. The fraction of flux emitted by the mirror that gets absorbed by pip plate is given by:

P AbsPip
D, : i = (A 5)
rTeT=PIP EmirrorBB (Tmirror' A)Amirrorn
As before,
cI)AbsPip = Dmirror—)pip EmirrorAmirrorn f BB (Tmirror' /1) da (A 6)
0

= DmirrorﬁpipemirrorAmirroro-Tr‘rLlirror
Therefore, the net flux, ®,,.; from the pip plate to the mirror is given by the power absorbed by the
mirror from the pip plate, less the power absorbed by the pip plate from the mirror.

Dot = Papsmirr — cDAbsPip (A7)

— 4 4
- Dpip—»mirror EpipApip UTpip - Dmirror—>pip EmirrorAmirrorUTmirror (AB)
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From the second law of thermodynamics, the distribution factors obey the following property®” :
Dy 26141 = Dy, €24, (49)
Therefore, the net heat flux is given by:

cbnet = Dpip—>mirrorEpipApipo-(Tgip - TT?liT‘T‘OT) (AlO)

The net heat flux can also be computed from ESATAN. And is reported in the following form:

Dpee = Gro(Tpip — Trirror) (A11)

By comparing equations A10 and A11:
DpipﬁmirrorfpipApip = Gp (A12)

We have therefore obtained the distribution factor Dy, mirror in terms of the radiative transfer

coefficient Gg, a quantity that can be estimated from ESATAN.

Substituting this value of Dyp_mirror (€quation A12) into equation Al:

G P i
R — AbsMirr (A13)
pipApip  €pipBB(Tpip, A)ApipT
Therefore, the spectral power absorbed by the mirror Pypspirr iS given by:
Papsmirr = GRnBB(TpL'p' A) (A14)

Converting the absorbed thermal emission to a stray light radiance

To calculate the stray light we need to know the incident irradiance at a mirror’s surface. The thermal
model, however, provides the power absorbed by the mirror. The two can be related given knowledge

of the emissivity of the mirror. If there is an irradiance [I;;, incident at the mirror’s surface, a fraction

67 See e.g. Maria Sanchez, thesis CH2
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Emirror Would be absorbed, and the remainder would be reflected. Therefore, the absorbed power

that results from an irradiance I, is given by:
PAbsMirr = IinemirrorAmirror (A15)

Therefore, from equations A15 and Al14, the irradiance at the mirror’s surface caused by PIP plate

thermal emission is given by:

_ GrBB(Tpip, A) (416)

in
EmirrorAmirror

To calculate the stray light radiance, the mirrors BSDF can be used. The BSDF is defined to be the ratio

of the scattered radiance to the incident irradiance. Therefore, the stray light radiance is given by:
ALgtrqy = BSDF (8, 05)dlip (A17)
Without knowledge of the angular irradiance distribution, this is only solvable in two limits. (1)

isotropic irradiance and (2) point source irradiance, which if located at the BRDF minimum gives a

best-case limit of the stray light rejection (further details in section 5.3.1.2).

Appendix C: Selected applicable requirements
Appendix redacted from ORA version
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Appendix D: Assumed CDS sampling cadence

Integration Number Time
time (s) of ramps required (hr)
1.0E-01 401 0.01
1.6E-01 330 0.01
2.6E-01 272 0.02
4.3E-01 224 0.03
7.0E-01 184 0.04
1.1E+00 152 0.05
1.8E+00 125 0.06
3.0E+00 103 0.09
4.8E+00 85 0.11
7.8E+00 70 0.15
1.3E+01 57 0.20
2.1E+01 47 0.27
3.4E+01 39 0.36
5.5E+01 32 0.49
8.9E+01 26 0.65
1.4E+02 22 0.87
2.3E+02 18 1.16
3.8E+02 15 1.55
6.2E+02 12 2.08
1.0E+03 10 2.78
10.99 hr

Table 30: Planned sampling for the measurement of the CDS noise.
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