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1 INTRODUCTION

1.1 Background

GaiaNIR (Gaia Near Infra-Red) was one of the proposals received from the DSCI New
Science Ideas call in 2016RDJ[1]. Of the 26 proposals received, 3 key themes of potential
interest were identified:

1 Quantum physics
1 Planetary science
1 High-accuracy astrometry in the NIR

The GaiaNIR proposal fits into the last of these categories and is ta

1 Enlarge the astrometric achievement of Gaiato the astronomical sources which
are only visible in NIR

1 Maintain the accuracy of the Gaia optical reference frame
1 Improve the star parallax and proper motion accuracy by revisiting the
astronomical sources a number of years afterGaia.

Requested by SC{FM and funded by the General Studies Programme, the study was
carried out in the ESA Concurrent Design Facility (CDF) by an inter disciplinary te am of
experts from ESA in 8 sessions, starting with a kick-off on the 19h September and
ending with an Internal Final Presentation on the 23 rd October 2017.

1.2 Objective

The objectives of the study as stated by the study customer are as follows:
1 To make the GaiaNIR proposal fit the boundaries of an Medium -class (M-class)
mission:
o ESA Cost at Completion (CaC) O 550 MuJ 2
including the Payload Instruments (i.e. the same scope as forGaia)

0 Re-use of existing equipment as far aspossible, wth TRLO 6 ( " mo d e |
demonstrating the critical functions of the element in a relevant environment"
as per ISO scale) for mission adoption

o Implementation phase to last 6-7 years (after 45 years for Phase A/B1)
o Possible option for M6 or M7 (call not before 2020)

1 Design a mission using a step & stare approach with conventional NIR detectors,
and trade this with the NIR Time Delay Integration (TDI) detector solution
suggested in the proposal.

1 Identify technology development activities needed to make this mission concept
feasible.

1.3 Scope and Initial Considerations

TheGaiaNIRs ci ence proposal makes the case for
Gaia with advanced NIR TDI instead of Visible light detectors (and the related

ESA UNCLASSIFIEDT Releasable to the Public



Z—

s

\ (

\ \k“:' GaiaNIR

\ ‘\\gz— esa CDF Study Report: CDF-175(Q
\\l\\‘ October 2017

page12of 284

=

spacecraft design impacts o n Ther mal , DHS et ¢ Gaialikeb u t ot h
performanceo, to be flown some two decades | at

The study request however asked for a step & stare design that is compatible with
conventional NIR detectors, rather than a Gaia-like slow-spin solution that would
require TDI NIR detectors. The main reason for this is that the technical feasibility of

TDI NIR detectors is questionable, and that the technology would most likely

specifically need to be developed for theGaiaNIR mission, possibly at great expense.

The Gaia design and development philosophy was found not to be directly applicable to
GaiaNIR, even for a slowspin GaiaNIR solution, for the following reasons:

1 GaiaNIR needs to fit inside a Cosmic Vision M-class mission budget that is well
below the CaC of Gaia

1 Gaia was launched with Soyuz, which at the time of GaiaNIR6 s t ent ati ve | a
date will have been replaced by Ariane 62

1 GaiaNIR would not necessarily involve the exact same Prime Contractor and
Subcontractors asGaia (although currently the sinte red silicon carbide (SiC)
technology required for the PLM is EADS proprietary)

I The use of NIR detectors (conventional or TDI) will have significant design
impacts w.r.t. Vis detectors

1 GaiaNIR does not need a Radial Velocity Spectrometer

1 Some technology that was newly developed forGaiais now available at high TRL,
such as the Phased Array Antenna (PAA) and sintered SiC Optical Bench
structure

1 Much of the Gaia equipment will be obsolete by the time GaiaNIR will be
implemented, and even same technology used onGaia may not be maintained
sufficiently long to be directly available for GaiaNIR (for cold gas micro
propulsion, BAM and the PAA, for example)

1 Improved technologies and equipment under development today may be
available at the time of implementation of GaiaNIR

1 SeveralGaiafil essons | earnedod can/ neeGhiaNIR, be taker
such as the origin of the stray light problem and the need for more thermal
sensors on the PLM, among others.

1.4 Document Structure

The layout of this report of the study results can be seen in the Table of Contents. The
Executive Summary chapter provides an overview of the study; details of each domain
addressed in the study are contained in specific chapters.

Due to the different distribution requirement s, only cost assumptions and qualitative
results excluding figures are given in this report. The costing information is published in
a separate document
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2 EXECUTIVE SUMMARY

2.1 Study Flow

The study involved 8 CDF sessions and a large number of splinter meetirgs, starting
with a kick -off on September 19 and formally ending with an Internal Final Presentation

on October 23. The first sessions focussed on system level trades as well as optical

layout and detectors (type, number and arrangement on the FPA), basedon which the
rest of the PLM and SVM could then be designed.

A major system level trade-off was that between a true step & stare spacecraft solution

and a Gaia-like slow-spin concept with a de-spin Mirror Mechanism, both potentially

enabling the use of corventional detectors. The step & stare spacecraft concept was

found to be unfeasible due to the far too-long time required between each observation
step and the prohibitive amount of propellants needed, after which the study focussed
on the design of a slowspin spacecraft with de-spin Mirror Mechanism. No immediate
show-stoppers were found for this concept, although there remain many related
questions to be answered that were beyond the scope of this study.

2.2 Requirements and Design Drivers
The study objectives can be summarised as:
1 To make the GaiaNIR proposal fit the boundaries of a Medium -class (M-class)
mission
1 Design a mission using a step & stare approach with conventional NIR detectors,

and trade this with the NIR Time Delay Integration (TDI) detector s olution
suggested in the proposal

1 Identify technology development activities needed to make this mission concept
feasible.

The mission requirements for the study are listed below:

1 The mission shall use NIR detectors to perform high accuracy astrometric and
photometric measurements

The nominal science operations (lifetime) of GaiaNIR shall be 5 years
The mission and system design shall be compatible with a launch in 2035
The satellite should be launched by a European launch vehicle

= =4 4 A

o Platform, Payload, System Integrator
o Launcher

o Operations (MOC, SOC)

o0 ESA internal activities.

Identified system requirements are:

o The astrometric measurement principle shall be based upon a continuous
scanning or a step-stare mode which discretely approximates continuous
scanning of the sky with at least two fields-of-view
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o0 The S/C shall be compatible with an Ariane 6-2/Ariane 6 -4 launch vehicle

o The S/C shall maximise reuse of existingGaiatechnology with a TRL of at least
6 at the start of Phase B

o The component of the rotation vector around the S/C X axis shall not be less
than equivalent 60 arcsec/s (the goal is a nominal value equivalent to 96
arcsec/s).

2.3 Mission

A summary of the CDF GaiaNIR mission design and spacecraft conc@t can be found in
the following tables.

Mission description

Launcher Ariane 6.2, Kourou
Launch
Launch date 2035
Orbit Orbit type Small amplitude Lissajous orbit around
Sun-Earth L2
_ Ground stations ESTRACK 35m core ground statiors
Operations . ]
Mission operations centre ESOC
Lifetime Nominal lifetime 5 years, plus 1 year extension.
Overall system characteristics
Dry mass 1891Kkg, including margins, excl. adapter
Mass . . .
Wet mass 2253 kg, including margins, excl. adapter
2328 kg, including margins, incl. adapter
Delta-V 278 m/s from main propulsion system, with geometrical efficiency
resulting in 441 m/s.
Dimensions Stowed Diameter 4.242 m
Height 3.614m
Deployed (sun shield) Diameter 10.8 m
Height 2.9 m
Table 2-1: GaiaNIR Mission and system summary
Payload and Subsystems
Payload Single telescope classical Korsch configuration based on simple
conics, with 2 FoV
60 Teledyne Hawaii-2rg NIR detectors
AOCS 3-axis stabilised spacecraft
Actuators: Cold Gas Micro Propulsion System (TAS-I/Leonardo)
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Sensors:

1 2 Star Trackers (Leonardo AA-STR)

1 3 Fine Sun Sensors (TNO/Bradford)

1 1Gyroscopeincl. Accelerometers (Astrix 200+ )
1 2 CoarseRate Snsors (Arietis-1 Innalabs)

Communications

2 X-Band Deep Space Transponder
1 RFDN

2LGA

1 PAA (derived from Gaia PAA)

DHS

Service Module:

T 10OBC OSCAR, fromAirbus DS)

T 1RTU (from Airbus DS, with propulsion and AOCS
submodules)

1 1 DPU (4 video processing boards based on Xilinx Zynq
Ultrascale+ System on Chip)

1 1SSVIM of 8 Thit

Payload Module:
1 1ICU (4 boards with Xilinx Virtex -5QV FPGAS)

Power

28V Regulated Bus

Solar panels: 8.4 m2 of GaAs cellson the bottom of the SVM and Sun
Shield

1 Battery, Li-ion, 144 Ah
1 PCDU, S3R (TermaModular Medium Power Unit )

Propulsion

MON/MMH bipropulsion with

I 2 x Eurostar 2000 propellant tank
1 1Helium pressurant tank
16 x 10 N thrusters

Structure

SVM: Aluminium honeycomb panels, tank support brackets and
launcher interface ring.

PLM: SiC Torusand various support structures

Thermal

MLI and SLI

6.0 m2 cold radiator for the FPA detectors
0.4 m2 hot radiator for FEE and DHS
PLM Thermal Tent

Thermal Screens

Thermal Straps

Paints and Coatings

Heaters, Thermistors and Wiring

Table 2-2: GaiaNIR spacecraft overview
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2.4 Technical Conclusions and Options

The CDF study has shown that aGaia-like slow-spin concept with a de-spin Mirror
Mechanism, using conventional (non-TDI) NIR detectors, is in principle feasibl e and
within the currently expected launch performance of the Ariane 62 to L2 via direct
ascent However, this concept exhibits several unfavourable characteristics:

T A total CaC well over the 550 Mu[ 20417] I i mi
limiting measures such as the implementation of a single telescope instead of
Gaiabs two, and | imiting the number of detect

1 The incorporation of equipment with a TRL well below 6:
o Mirror De-Spin Mechanism
o Instrument Control Unit (ICE)
o Data Processing Unit (DPU)

1 The inclusion of a de-spin Mirror Mechanism that will inevitably result in
thermal and mechanical noise, of which the impact on the quality of the scientific

return remains to be evaluated
In final conclusion, there appears to be only two principal solutions for the GaiaNIR
mission, both involving significant low -TRL equipment, high development and
implementation risk, and potentially costly pre -developments:
1 A Gaialike slow-spin concept with a de-spin Mirror Mechanism and
conventional detectors
1 A Gaialike slow-spin concept with TDI detectors.
For either case a total mission budget well over the limit for an M -class mission is to be
expected; to make the mission fit within the budget constraint while maintaining
sufficient scientific performance will require significant sharing of the cost with
National Agencies and/or through international cooperation.
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3 MISSION OBJECTIVES

3.1 Background & Lessons Learnt from Gaia

GaiaNIR (Gaia in the Near Infra-Red) was submitted as a proposed science idea
following the New Science Ideas call in 2016 fttps:// www.cosmos.esa.int/web/new -

scientific-ideas). The aim of this call was for scientists to propose new and innovative

science ideas that could be relevant for future space missions within the ESA Science
Programme. As a result, 26 proposals were received and from these, three key themes of
potential interest emerged:

1 Quantum physics
1 Planetary science
1 High-accuracy astrometry in the NIR.

GaiaNIR is addressing the third bullet, proposing to:

1 Enlarge the astrometric achievement of Gaiato those astronomical sources which
are only visible in the NIR and which have therefore not been observed byGaia

1 Improve the star parallax and proper motion accuracy of Gaia sourcesby
revisiting the m a number of years after Gaia (aiming at a possible launch ~2035)

1 Maintain the accuracy of the Gaia optical reference frame by re-observing the
majority of Gaiastars a few decades afteiGaia (this is possible since the spectral
energy distributions of the majority of Gaia stars cover both the optical and the
NIR parts of the spectrum)

As this proposal is based on theGaia mission, a main aspect of the CDF study was to
benefit from the lessons learned from this mission. A summary of the main points is
presented in Appendix A.

3.2 Mission Justification

Since the launch of Gaia in December 2013 and the first release of data,Gaia DR1 in
2016, more than 300 scientific papers were published using this Gaia data and Europe
entered a new era of space astrometry.Gaia is the successor of Hipparcos and is two
orders of magnitude more accurate in the five astrometric parameters and is also
surveying four orders of magnitude more stars in a vast volume of the Milky Way.

However, both Gaia and Hipparcos operate in the optical wavelength range but much of
the Galactic centre, Galactic disk, and the spiral arm regions are obscured by interstellar
extinction, making objects in those regions almost invisible to Gaia and Hipparcos. To
overcome this limitation, observations in the near infrared are needed, which could be
provided by GaiaNIR. Thus, the main scientific motivations for this new mission are to:

1. Penetrate obscured regions and observe intrinsically red objects

2. Obtain proper motions with ten times smaller (tbc) errors than from Gaia alone,
by combining positions from two epochs with a ca. 20-year interval. In addition,
the parallaxes, especially of binaries, could be much improved when astrometric
data from two missions with a long temporal baseline are combined. This new
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mission would also allow maintaining the accuracy of the Gaia optical reference
frame that is degrading slowly over time.
3.3 Science Objectives

The science case forGaiaNIR is to build on the Gaia results of all-sky absolute
astrometry for more than one billion stars. Expanding into the NIR allows to probe the
dusty obscured regions of the Galaxy with high-precision astrometry.

A detailed description of the GaiaNIR science objectives is given in the GaiaNIR
proposal (RD[1]).
3.4 Mission Requirements

The main mission requirements, as derived in this CDF study, are summarised in the
following table:

Reference Type of Statement
requirement
MIS -010 Payload The mission shall use NIR detectors to perform high accuracy
astrometric and photometric measurements
MIS -020 Mission The nominal science operations (lifetime) of GaiaNIR S/C
duration shall last 5 years
MIS -030 Mission The mission and system design shall ke compatible with a
timeline launch in 2035
MIS -040 Launcher The satellite shall be launched by a European launch vehicle
MIS -050 Mission cost The cost to ESA shall not ex
i Platform, Payload (tbc), System integrator
1 Launcher
1 Operations (OGS, SGS)
 ESA internal
1 Margin
SYS-010 Science The astrometric measurement principle shall be based upon a
operations continuous scanning or a step-stare mode which discretely

approximates continuous scanning of the sky with at least two
fields-of-view

SYS-020 Launcher The S/C shall be compatible with an Ariane 6-2/Ariane 6 -4
launch vehicle

SYS-030 Risk The S/C shall maximise reuseof existing Gaia technology
with TRL at least 6 at the start of Phase B
SYS-040 Mission The component of the rotation vector around the S/C X -axis
operations shall not be |l ess than equiyv

val ue of equivalent 960/ s)

Table 3-1: Main mission and system requirements
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3.5 CDF Objectives

The CDF was taskedby SCI-FM to perform a preliminary mission design for the
GaiaNIR concept. The main objectives of this CDF study were:

1. To analyse how the GaiaNIR proposal could fit in the M -class boundaries. This
required identifying which modifications need to be applied to achieve this objective
with respect to technological as well as programmatic and financial aspects. For M-
class missions the TRL is requiredto be at least 6 at the time of mission adoption;
this satellite should be able to be launched in the 2035 time-frame, allowing for 4 -5
years definition phase and 6-7 years implementation phase, after an M-class mission
call in ca. 2020; and finally, there is a strict cost cap on these missions of 550 MEur.

2. To make a trade-off between the GaiaNIR proposal mission concept, based on the
NIR TDI concept and a scanning mission, with a step-and-stare approach based on
Astandardo det ect or s .at thistwassactaalyl ndt pdteof tiheot e d
proposal but it became clear early on that in order to reach objective 1, a broader
space needed to be explored. An additional reason for this tradeoff is also that the
NIR TDI detectors are considered to havevery low TRL.

3. To identify technology development activities needed to make this mission concept
feasible.
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4  MISSION ANALYSIS

4.1 Requirementsand Design Drivers

The following requirements derived from the Mission and Systems Requirements are
relevant to Mission Analysis:

SubSystem Requirements
Req. ID Statement Parent ID

Sun SpaceCraft Earth angle (SSCE) of operational orbit less
than 15 deg.Note: The value guarantees that the Earth is

MA-010 maximally 15 degaway from the boresight of the phased-array MIS-010
antenna, which is used for sciencedata transmission.
MA-020 Stochastic residual accelerations of the S/C less thanl-10%2

km/s 2

Table 4-1: Mission Analysis  Requirements

4.2 Assumptions and Trade -Offs

The operational orbit for GaiaNIR was apriori defined as an orbit about the Sun-Earth
Libration Point 2 (SEL2). Other orbit options were not considered for the mission
during this CDF study.

The launch is envisioned on an Ariane 62 from the Kourou spaceport in French Guiana.
The Ariane 62 launcher can lift more than 2,160 kg (payload + payload adapter) into the
transfer orbit towards SEL2 utilising an intermediate circular parking orbit with a n
inclination of 15 Deg. This value has not been confirmed by the launch service provider
or by numerical optimisation, but is simply based on the general statement that Ariane

62 shall be better or equivalent to the corresponding performance of a SoyuzST launch

vehicle from Kourou, so the value stated here is the one of SoyuzST.

The duration of the initial powered ascent phase is about 1510 seconds, followed by an
upper-stage re-orientation phase in case a specific separation attitude is required during
the drift phase in the circular parking orbit. The upper stage might require the stack to
spin. Then a re-orientation takes place and a second burn by the upper stage will propel
the S/C stack towards SEL2.

The DV values presented in this Chapter are so alled geometric or impulsive DV values.
They do not take any losses into account, e.g. manoeuvre decomposition losses, ramping
losses or gravity losses are not accounted for. The so called effectiv®V depends on the
propulsion system design. On spacecraft with attitude limitations such a loss in
efficiency can be drastic, e.g. some manoeuvre direction on the original Gaia S/C had
efficiencies as low as 30 %.

In addition the DV values in this Chapter do not contain any margins. Applicable
margins must be added to the different types of DV.
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4.3 Baseline Design

The baseline orbit for GaiaNIR is a small amplitude Lissajous orbit about the collinear
Sun-Earth Libration Point 2 (SEL2). A typical example of such an orbit is shown in
Figure 4-1 Libration Point orbits are best depicted in a rotating coordinate frame. Here
the x-axis is along the SunEarth line, the z-axis is normal to the ecliptic plane and the y-
axis supplements the system to be a righthand coordinate system. The origin of the
system is located in the Earthoés centre.

X

=X

o
(6]

z-rotating [km]
NS
VA

0.5

x10°
1 x10°
| 0.5 6.5
y-rotating [km] 4 0 x-rotating [km]
Figure 4-1:Example of a small amplitude Lissajous orbit about the Sun -Earth

Libration Point 2 (blu e) and the projection on the axes (green)

The advantages of orbits about SEL2 are a constant thermal environment, since they can
be designed to be eclipse free for a longer period of time, and a limited communication
distance. Another advantage for astronomy missions is that the Sun, Earth and Moon

are all located in one hemisphere as seen from the S/C.

Such a small Lissajous orbit cannot be
and is thus requiring a deterministic orbit insertion manoeuvre af ter Earth departure.
After this insertion manoeuvre the S/C travels on the so called stable manifold toward
its operational orbit about SEL2. A typical transfer trajectory with an injection onto the
stable manifold of the target orbit is depicted in Figure 4-2. The full stable manifold of
the target orbit is shown. Different from large amplitude quasi -Halo orbits as e.g. used
for Herschel, Lisa Pathfinder or JWST no parts of the manifold intersect with the near -
Earth environment (the Earth is at the origin) and thus a free transfer injection is not
possible.
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Figure 4-2: Stable manifold and transfer trajectory to an SEL2 example orbit. The
transfer trajectory is the single blue line passing through the inner libration point

orbit region

It is assumed that the launch vehicle will initially launch into a circular parking orbit

with an inclination of 15 deg. The S/C and upper stage stack will then drift to the
required departure point and a second burn will raise the apogee altitude to almost
escape velocity. The drift duration in the circular parking orbit will determine the final
departure argument of perigee. This allows placing the line-of-apses close to the ecliptic
plane all year long, which is required to limit the orbit insertion §V on t he S/ C.

The target apogee altitude will not be the one required for an injection into an L2 orbit,
but will be down-biased by the launcher dispersion to ensure that GaiaNIR only
accelerates away from the Sun. This biasing of the trajectory doubles the allocation for
the transfer correction manoeuvre, but the firing of thrusters into the Sun direction only
prevents contamination on the payload side and also simplifies the propulsion system
design.

After three transfer correction manoeuvres an injection onto the stable manifold of the
operational orbit will take place. The in -and out-of-plane amplitudes (Ay and Az) of the
SEL2 orbit are then not prescribed, but depend on the launch date and launch hour. The
size of a SEL2 orbit is often described by the so called SusS/C-Earth angle (SSCE). For
GaiaNIR a SSCE angle of 15 deg shall not be exceeded. This simplifies the antenna
design and alsoprevents straylight issues for the selected Sun Aspect Angle (SAA) of the
S/C (angle between the Spin direction of the S/C and the Sun direction as seen from the
S/C).

For 3-axis stabilised missions as Athena/Herschel/Euclid/Plato/Ariel/JWST there is
usually no strict constraint on the SSCE angle, however, for many missions an upper
limitation of 33 deg SSCE has been proposed to limit design parameters as e.g. the
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maxi mum declination with respect to the Eartho
visibil ity from ground stations (GS) in the Northern and Southern hemisphere.

For GaiaNIR, solutions with an eclipse in the transfer trajectory are excluded from the
launch window. The reached SEL2 Lissajous orbit is eclipse free for about 5.5 year after
which an eclipse avoidance manoeuvre is required.

With a fixed launcher program the perigee velocity of the transfer orbit is also fixed.
However, for each day of the year the optimal transfer requires a specific perigee
velocity. In addition the launcher has a certain dispersion in the final osculating perigee
velocity. The S/C will therefore initially not travel on the correct trajectory to reach the
stable manifold of the Lissajous orbit and thus a small manoeuvre is required to correct
the S/C attitude and put it onto the correct transfer trajectory. This manoeuvre is time
critical and is thus performed as soon as possible after the launch. In order to have
enough time to track the spacecraft and estimate the state vector an execution 24 hours
into the mission is envisioned, but to account for any problems with the S/C or ground
segment an execution on day2 (48 hours into the mission) is budgeted. Inaccuracies in
this manoeuvre will be corrected on day-5 and day-20. The third manoeuvre concludes
the transfer navigation prior to the operational orbit insertion manoeuvre.

The orbit insertion manoeuvre is usually split into two parts to again account for
manoeuvre execution errors. The two manoeuvres are executed separated by about a
week. The S/C can now be assurad to be on the SEL2 orbit, where station-keeping
continues.

The SEL2 operational orbit is inherently unstable and requires regular but small
maintenance manoeuvres. The total DV allocated for the orbit maintenance manoeuvre
depends on the station-keeping interval and the capability of the AOCS to deliver pure
torque or torque only together with a change I

Station-keeping manoeuvres are assumed in the unstable direction of the linear theory.
This direction is depicted in Figure 4-3.
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Earth to sun
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non-escape
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Figure 4-3: Stable and unstable direction derived from linear theory for station -
keeping considerations

A typical station-keeping DV evolution example is provided in Figure 4-4. The yearly
station-keeping DV highly depends on the residual accelerations of the S/C. To be more
precise, it depends on the unknown residual acceleration of the S/C, since known
components can be taken into account, similar to the solar radiation pressure. The
difference in the allocation can easily be different by orders of magnitude. E.g. the
largest station-keeping manoeuvre of Herschel was larger than the stationkeeping
allocation of Gaia for an entire year. Gaia, being a spinning S/C, had well predictable
residual acceleration, while the attitude of 3-axis stabilised Herschel could by definition

not be known a-priori.
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Figure 4-4: Example of station keeping DV evolution for 4 years. The blue curve

shows the accumulated DV and the green diamonds indicate the size of each
individual station  -keeping manoeuvre. The red curve depicts the worst case
trajectory out -of the monte -carlo simulation set
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4.4 Budgets

gV budget will strongly depend on assumptions

the first transfer correction manoeuvre TCM#1. There is currently no data available for a
launch on Ariane-62, but it is assumed the launcher is equal or better than the Soyuz
launcher used for Gaia.

A further poi nt whi ch can significantly af f
accelerations of S/C in operational orbit as discussed above in the station keeping

section. These residual accelerations excite the unstable component of the libration

point orbit that need to be cancelled by the station-keeping.

The thruster layout together with attitude constraints can alsosignif i cant ly af fect t
as well as the propellant budget. A biasing of the trajectory as for Gaia and assumed for

GaiaNIR doubl es the gV allocation for the transfe
station-keeping manoeuvres were small enough to be executedvi t h a gV i nto th
direction. On Gaiaat ti tude constraints caused gV effici
significantly more propellant needed to be car

specific directions.

Launcher Dispersion 70 Doubl ed compared to a

and Perigee velocity due to required biasing of the trajectory

correction

Midcourse 20 Doubl ed compared to a

corrections due to required biasing of the trajectory

Orbit insertion 165 Reduction of the SSCE to <= 15 Deg

manoeuvre

Station-keeping 11 5.5 years (highly depends on residual
accelerations and only valid for Gaia design)

Eclipse avoidance 15 Required after 5.5 years

Disposal 0.5-max. 10 m/s minimum suggested, no requirements

Table 4-2: Gaia gV budget al so GamMIRi cabl e to
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5 PAYLOAD

5.1 PLM Optics

5.1.1 Introduction

The initial request for the optical concept of GaiaNIR was for an instrument similar to

Gaia but with a reduced field of view, a split entrance pupil, a shared image plane and
individual entrance pupil areas of about 50% of Gaiab s. The suggest.i

concept similar to the Hipparcos optics, in which a single telescope looks at two
different directions in the sky by means of a split mirror at the entrance pupil RDJ[2]. In

the Hipparcos design this was easily achieved because the @midt telescope has a
remote entrance pupil at the centre of curvature of the mirror where the corrector plate

is placed. In the classical Schmidt design, the corrector plate is a refractive component,
but it can be replaced by a tilted mirror with the as pheric shape adapted to the non
radially symmetric use.

The concept presented for GaiaNIR is based on a Korsch telescope, as it is inGaia,
which is also an off-axis system. But it differs from Gaia with regard to two important

optical features described below. These advantageous features are possible because of

the reduced entrance pupil and size of the field of view, together with the longer
wavelength of operation:

The mirror surfaces are simple conics. This simplifies manufacturing alignment and
test.

The entrance pupil is at the flat folding mirror in front of the primary instead of on the
primary mirror itself. This does not have a significant effect on image quality.

Gaiads mirrors are conics with high or wdhich
made manufacture and test of these elements very challenging.

Note that the aim of the design presented here is not to give a definitive solution for the
telescope which complies with all the requirements of GaiaNIR, as this would be an
impossible goal given that further refinement will be required following the CDF study.

Instead, it is intended to identify a viable starting concept with the potential to be the

ultimate design solution. This is why only one single optical concept has been
downselected and evaluated. In addition, the performance of the proposed optical
design is quite close to compliance with the requirements. It will also be easy to add new

degrees of freedom and improve the design if necessary (e.g. aspheric coefficients on

some ofthe mirrors).

It must be mentioned at this point that there are aberrations in the design that might
require additional optical surfaces for correction, such as is the case for the image
rotation -compensation induced defocus. This assertion will be explained in a dedicated
section.

A final important remark is that during the CDF study, it became clear that there was
the need for an additional optical requirement which did not appear in the original set.
This is that there shall be a real and accessible pup image. There are two reasons for
this: one is the desire to potentially accommodate a sky mapper, the other isto
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compensate for the spinning spacecraft, which like Gaia spins at 1 revolution every 6

hours, driven by its observing strategy. This demands an internal de-rotation of the sky

image with a scan mirror. The de-rotation of the image is necessary to comply with the
detector characteristics and to avoid (or simplify) the associated technology
developments. In contrast with the Gaia detectors which use a Time Domain Integration

(TDI) to track stellar images as they move across the focal plane, the NIR detector
technology proposed for Gaia-NIR does not have this capability.

The sky mapper concept is based on a relative shear of the two fields at theletector and
requires a splitting of the light where it is physically separated, thus at a pupil image
(see Figure 5-5, Figure 5-12 and Figure 5-13 below for illustrations of how this concept
works). The de-rotation is realised with an internal scanning mirror, which should be at

a pupil image in order to avoid vignetting and lateral movements of the image footprint
on the detector as a function of the pointing angle on the sky, which occurs in any
optical scanning system. Fortunately, the concept selected has a real and accessible
pupil, as this was already needed to combine the two fields of view of the telescope onto
a single focal plane.

5.1.2 Telescope Requirements: Starting Point and Evolution

The initial requirements were based on one telescope with two fields of view on the sky
which shared a common image plane (detector). It was suggested to use the Hipparcos
concept with a split folding mirror at the entrance pupil making use of two plane
mirrors pointing in two different directions on the sky.

For each pointing direction field of view, the initial requirements were as follows:
1 Entrance pupil area should be equivalent to 720 x 520 mm?2
1 FoV:smaller than 1.4° x £ 0.7° (total)
i Effective Focal Length (EFL): similar to Gaia (about 35 m)
1

Image quality: PSF as inGaia but for longer wavelengths (TBD) and low image
field distortion.

There was an evolution of these requirements during the CDF (mainly related to
entrance pupil shape, FoV and EFL) and new requirements appeared. The final set used
in the design is the following:

1 Entrance pupil area should be equivalent to 1600 x 250 mm 2

Long side of entrance pupil in the direction of sky rotation

FoV: 0.6 °x 0.47°

EFL: 35 m

Image quality: PSF as inGaiabut for 900 nm and small field distortion

Compensation of sky rotation over 2 arc min by internal scanning (translates into
accessible and real image pupil)

1 Inclusion of a sky mapper
9 Low field distortion.

Special attention should be paid to the image quality requirements. In the course of the
CDF, the requirements for spatial resolution were not completed. It was required to

= =4 -4 —a -
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have a diffraction limited PSF at 900 nm in order to ensure that the PSF scales by a
factor 2 at 1800nm. However, there is still an uncertainty about what the PSF at shorter
wavelengths should be. It is unclear how this uncertainty impacts the rest of the system.
The detector design and performance for a minimum increase in pixel numbers, and
therefore read out noise and read out frequency over the wavelength range, can be
affected. The risks associated with having a PSF requirement below 900 nm are not yet
fully considered, for example having a PSF that is not adequate to meet the science
requirements over the full NIR operational spectral bandwidth.

5.1.3 Trade Offs

In order to select a viable design concept for evaluation, an initial trade-off between four
possible off-axis configurations was made, in which the starting pupil dimensions were
used. These four configurations are represented as simple pupil projections inFigure 5-1

Originally, configuration 1 was selected on the basis of image quality, volume and
compactness considerations. It is useful to check how the two beams from each entrance
pupil direction on th e sky merge or separate as they propagate through the Korsch
telescope, in order to understand the design of the sky mapper as presented later. This
can be done by looking at the footprint of the light paths from several field objects on
the telescope mirrors and pupils, as depicted in Figure 5-2.

Pupil 1 || Pupil 2

+

Focal
Flane

1 2 3 4

Figure 5-1. The four different off axis configurations used in the trade off. The
black rectangles represent the two entrance pupils, the red cross is the axis of
symmetry of the telescope mirrors and the red rectangle is the detector
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Epl‘ ‘EPZ %@%
Primary Secondary Tertiary Exit pupil Focal plane
Mirror M1 Mirror M2 Mirror M3

Figure 5-2: Evolution of the shape and overlap of the optical beam footprints of
the light from several field objects as they propagate through the telescope mirrors
from the separate entrance pupils to the focal plane . This corresponds to the
originally adopted concept of option 1in Figure 5-1above.

In the end, however, the selected baseline had to be changed from configuration 1 to 2
when the entrance pupil shape wasrevised to be 1600x 250 mm2. The projection of the

pupils, telescope axis of symmetry and detector positions for this final selection are

shown in Figure 5-3. It should be noted that the resulting overall telescope geometry of

configuration 1 and configuration 2 remained basically the same when the entrance

pupil shape was changed, which makes the achievable image quality very similar in both
cases.

Pupil 1

Pupil 2

Figure 5-3: A projection ofthe  entrance pupil s and detector relative positions for
the selected GaiaNIR off axis design configuration finally chosen (Option 2) . Black
rectangles represent the two entrance pupils, the red cross is the axis of symmetry

of the telescope and the red rectangle, the detector

5.14

The sky mapper is a part of the instrument used to image the individual fields of view, in
order to identify the target stars to be used in each astrometry (science) field. It requires
that each image is focussed on two different detectors. That is the concept used irGaia.
It was requested to study and evaluate the impact on the Gaia-NIR telescope design of
implementing this additional optical chan nel RD[3]. The optics needed therefore to be
modified with respect to that of the basic astrometric telescope. These sky mapper
images must have the same plate scle (e.g. telescope of the same focal length) and
brightness (e.g. telescope entrance pupil area) as the science images.

Sky Mapper
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Three possible solutions were considered and evaluated:

1. A completely independent optical system.
2. Separation of the two fields at the intermediate focus of the Korsch configuration.
3. Separation of beams at the exit pupil of the Korsch configuration

The first option was discarded as the required optics would be an independent telescope
of similar entrance pupil area, and so with identical or very similar dimensions as the
astrometric telescope. This could not be physically accommodated

Pick up mirror at intermediate focus

+ additional tertiary mirror

A
v

Entrance Pupil Intermediate focus WV

Figure 5-4: Diagram of a thin lens representation of the second sky mapper design

For the second option some optical elements of the Korsch telescope need to be
duplicated and some new ones added. This can be seen in the thin lens equivalent
representation of the telescope in Figure 5-4. The horizontal beam (orange rays)
corresponds to the science (astrometry) path and the folded beam (green rays) with the
sky mapper. The beam going through one of the entrance pupils is colourless whereas
the beam through the other entrance pupil is highlighted in colour, with yellow for the
sky mapper and orange for the astrometry/science channel.

The optical elements in the figure are: the first lens behind the entrance pupil is
equivalent to the primary and secondary mirr ors of the Korsch telescope yielding an
intermediate focus, the second thin lenses in both optical paths are equivalent to the
tertiary mirror of the Korsch telescope with the exit pupil and the image planes behind
them. A flat pick off mirror (added to th e Korsch) at the intermediate focus separates
that part of the field to be imaged, on to the sky mapper detectors through a separate
thin lens (duplication of the tertiary mirror). At the sky mapper channel exit pupil, the
beams from the two sky directions are physically separated, which makes it possible to
put two mirrors there and send the light in separate directions to reach two individual
detectors, just the opposite of what is done at the entrance pupil.
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Intermediate focus

A ||I 4N Exit pupil
|
I v — ] /
4 e —— - -
| / I =
/ 7 T
v / v p '
/ s s

Astrometry

Light separated at exit pupil. P
Tilt or displacement of pupils "5

Field coincident at Fields shifted at detector
intermediate focus

(selected with field stop) Sky mapper for Sky mapper for

direction 1 in sky direction 2 in sky

Figure 5-5: Diagram of thin lenses representing the third option of the sky mapper
design. See also Figure 5-12 and Figure 5-13 below

In the third option (see Figure 5-5) the science and sky mapper beams share all the
optical components up to the detector. As in the second option, two mirrors placed at
the images of the entrance pupil mirrors send the light in two directions. Now, both
science and sky mapper beams from one pupil (that is to say one direction on the sky)
are separated from the other. The separation arranged is such that at the image plane,
part of the field of view of the two pupils overlap (the astrometry/science detectors), and
part does not (the sky mapper detectors). This is illustrated on the lower right of Figure
5-5, by the overlapping but displaced blue and red rectangles.

It should be noted that if this separation of the light from the two pupils is done with a
single reflection, the image planes are tilted with respect each other, thus a defocus is
introduced. A second reflection can correct this tilt and defocus while still shifting image
surfaces with respect to each other.

The third option was finally chosen as a viable baseline for the sky mapper channel.
However it was not implemented in the current Gaia-NIR telescope design (see
Appendix B).

5.1.5 Telescope Design Concept

As mentioned in the introduction, the telescope baseline design chosen is a Korsch
configuration with the entrance pupil some distance in fron t of the primary. As well as
the three powered mirrors of the basic Korsch, three flat mirrors are added in the light
path for each pupil. These are: a mirror at the entrance pupil to point in the chosen sky
direction, a mirror at the exit pupil with a sca nning mechanism, and a folding mirror
after the exit pupil located to the side of the Korsch tertiary mirror to make the overall
mechanical envelope more compact. From the last flat mirror the light can be folded
into a convenient direction so that the detector focal plane array may be adequately and
conveniently integrated within the telescope structure. Figure 5-6 shows the top and
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side views of the @otical system ray trace and Figure 5-7 shows two different 3D views of

the system.

Scan mirror

AIRmir amilfe

Side view (YZ plane) \

Top view (XZ plane)

Secondary M2

Pupil 2 (lower)

Scan mirror

Figure 5-6: Top and side views of

Pupil

Primary M1 ——
1 (upper) //

Secondary M2
T Tertiary M3

/

Folding flat

GaiaNIR baseline telescope

Figure 5-7: Two 3 -D views of GaiaNIR baseline telescope

The basic characteristics of the final telescope design are:
1 Effective Focal Length = 35.173 mm
1 Entrance Pupil 1600 x 250 mmz2 (each pupil)
9 Field of View 0.6° x 0.47°
T Scanning
1 Design (diffraction limited) wavelength = 900 nm

=> compensation

of

__Tertiary
M3
Scan mirror
sky rotati

The flat mirror at the exit pupil can be used as a scanning mirror. De-rotation of the
image movement on the detector due to the S/C rotation is then possible to some extent.
The limitations of this correction are related to different effects at the image plane.
Rotation of the S/C translates into a simple movement (translation of th e stars across
the FoV) without changing the location of the image plane, whereas a scan mirror at the
exit pupil moves the image plane while also introducing a tilt with respect to the
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detector and therefore it induces an angle dependent defocus. For a malerate field of
view the defocus may be within the performance tolerances, but it remains to be
evaluated in detail to what extent. The effect on the PSFs has been assessed herEigure
5-8, Figure 5-9 and Figure 5-10), but there will also be an effect with respect to location
across the field (distortion), which is an important requirement for Gaia- NIR, although
no numerical value has yet been specified(Figure 5-11). If the defocus due to image
surface tilt or distortion have to be corrected, it will be necessary to add another (re-
iImaging) telescope behind the exit pupil which would consist of one or more powered
mirrors.

An alternative more obvious starting point would be an afocal telescope system with a
real and accessible pupil image (e.g. Korsch or Gregorian configurations) yielding a
collimated beam at its exit pupil, with a scanning mirror there and another telescope
behind that to focus the light onto the detector.
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Figure 5-8: Spot diagrams for field objects in two sky directions, each
corres ponding to one entrance pupil. The small black scale circles are the
diffraction limit of a circular aperture of 1.6m for 900nm wavelength. The

scanning mirror at the exit pupil is at the centre of its range
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Figure 5-9: Spot diagrams for field objects in two sky directions, each
corresponding to one entrance pupil. The small black scale circle is the diffraction
limit of a circular aperture of 1.6m for 900nm wavelength. The scanning mirror at

the exit pupil is at the beginning of its range
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Figure 5-10: Spot diagrams for field objects in two sky directions, each
corresponding to one entrance pupil. The small black scale circle is the diffraction
limit of a ¢ ircular aperture of 1.6m for 900nm wavelength. The scanning mirror at

the exit pupil is at the end of its range
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Figure 5-11: Distortion map for GaiaNIR FoV

As mentioned above, the Gaia-NIR baseline telescope optical design does not contain a
sky mapper. To include it, the scanning mirror and the flat folding mirror in front of the
detector must be split in two. At the exit pupil, the light is deflected in two directions so
that the image surfaces are displaced. This introduces a relative tilt between the image
surfaces and thus also a defocus, this is illustrated inFigure 5-12. Those tilts can also be
corrected by using two additional folding mirrors near the detector, as shown in Figure
5-13. In this way the image surfaces are nmade coplanar, but are laterally displaced.

Image surfaces for each pupil

Flat mirrors at exit pupil ’
- ¥

Figure 5-12: Sketch of separation the light beams from each pupil with two
mirrors. Only top view is shown. Blue lines represent the envelop e of the light
paths. Relative tilt of image surfaces is apparent
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Flat mirrors

@ exit pupil Flat mirrors near detector

\

Tomview Image surface

Figure 5-13: Correction of the tilt of the image surface due to the two mirrors at
the exit pupil shown in Figure 5-12. Top and side view are shown. Blue lines
represent the envelope of the light paths. There is no relative tilt of image surfaces
but they are shifted

The final telescope optical designprescription is presented in Appendix C.

5.1.6 Optical Subsystems

There were two additional optical subsystems discussed during the study, a Basic Angle
Variability (BAV) monitoring and metrology system 1 the BAM (SCI-300 310 & 320)
RD[20], and an at least 4 band stellar spectral class photometric detection capability
(SCI-330 through SCI-510) RD[20] . These are discussed here separately

5.1.6.1 Basic Angle Monitor

One of the critical instrument parameters for the astrometric solution for the measured
stellar positions to be retrieved, i small h e
variation in time of the lines of sights between the two telescope entrance pupils. The

top level science requirements SC+300, 310 and 320 make this requirement mandatory

and demand an accuracy of 0.5 micro arc seconds, with a 5 minute sampling perod
covering the entire full circle scans on the sky.

In Gaiathis is measured using an internal optical metrology subsystem called the Basic
Angle Monitor (BAM) RD[4]. The Gaia BAM achieves sub micro-arc second resolution

in flight which is sufficient ly accurate also for GAI-NIR. Another technological concept

based on absolute distance measurement, between the two entrance pupil plane
mirrors, using a laser frequency comb was discussed and rejectedRD[5], & RD[6], as
the technology is not yet mature enough, and only relative motion is required.
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The GaiaNIR simpler optical system design solution, as compared with Gaia, based
around a single telescope wth a split entrance pupil, could make the flow down from the
Basic Angle scientific requirements to engineering specifications somewhat less
demanding. But the shorter total effective optical lever arm between the entrance pupil
mirrors (the pointing of w hich define the two lines of sight) and their projection onto
the primary mirror where the beams are combined onto a single common optical
element, may reduce both the sensitivity of the system but also the precision with which
the BAM variation can be determined. The details of the BAV requirements were not
explicitly studied during the CDF, but the need for such a monitoring system is
undisputed, given the importance of the Basic Angle parameter and its stability for the
astrometric solution, regardless of the specifics of the system design. Therefore, it was
concluded that the known flight qualified BAM technology from Gaia be retained as a
viable solution for GaiaNIR. While the BAM metrology principles and technique are well
known, well understood and flight proven to work, obviously the specific engineering
implementation on GaiaNIR will need to be worked out, and most likely will be less
complex and therefore easier to implement. The only potentially challenging new
requirement is the need to monitor th e BAV over the entire astrometric field of view
(SCI-320).

5.1.6.2 Photometric

One of the science requirements is to identify the spectral class of the stars being
measured. This necessitates the spectral filtering of the stellar imagesinto at least 4
separate photometric bands within the astrometric field, see Figure 7-5. Two methods
were evaluated. Using focal plane filters or tuning the spectral response of the detectors
with respect to their positions within the focal plane. This second option seemed at the
beginning like the logical and most straightforward, and optically preferable, choice.
However the maturity of the detector technology and the associated costs with
developing and implementing such bespoke tuning of the detector responses was
considered prohibitive, and without any guarantee of success. The inclusion of focal
plane filters was then the remaining solution. Great care shall nevertheless beneeded to
be taken in their design, fabrication and testing.
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5.2 PLM Detectors
5.2.1 Requirements and  Design Drivers
Subsystem Requirements
Req. ID Statement Parent ID
1 Readout noise of <12e at 300kHz readout frequency for non Performance
TID detector model
2 QE>70 % over 400 nm 7 1800nm rF;%réc;rlmance
Performance
3 Dark current: < 10 e-/pxl/s for a18*18um pixel pitch model
. . Performance
. *
4 Pixel size (um): 20*128 model
6 The staring time is 1.62s AOCS
5.2.1.1 Requirements explanations:

Req.ID 1: the value indicates a target value for a non TID detector since, without TID
the readout noise is summed for all pixel read. The mission GaiaNIR is readout noise
limited as shown in the performance chapter. It limits the performances on faint ta rget
where the readout noise become limiting.

Req.ID 2: The written value (80%) matches with the value used in the performance
chapter. This value is realistic over the range 800-1800nm, not clearly known between
400nm and 800nm.

Req.ID 3: As shown in the performance model chapter, the dark current plays a minor
role in the science output and can be relaxed up to 10 e/pxl/s for a given pixel size of
18*18um.

Req.ID 4: the optimal pixel size is 20*128 pixels but this value does not match with any
off-the-shelves detectors pixel size. The performances model chapter shows a sensitivity
analysis to the pixel size.

Req.ID 6: the staring time value was computed from the AOCS chapter given the chosen
de-spin mirror mechanism options.

5.2.2 Assumptions and  Trade -Off s

The trade-offs of the different detectors available is presented in Table 5-1. The colours
are chosen in comparison to the requirements. The green, orange and redcolours mean
respectively, compliant, almost compliant, not compliant to the requirements. The
associated astrometric performances can be found in the Performance chapter.

The best astrometric performances with existing detectors performances is achieved
using the American Hawaii-2rg or the European ALFA detector. Unfortunately, the pixel

size, the buttability and the smaller format of the actual ALFA detector (a new format of

2048*2048 pixels of 15um pitch, 3 side buttable will be available in end 2019) pu sh the
choice for baseline to the Hawaii-2rg detector with the current state of the detector

performances.

ESA UNCLASSIFIEDT Releasable to the Public



\\ _
\\\\gt esa CDF Study Report: CDCI;:—??E(IS

October 2017
page40 of 284

The APD detector, with a sub electron readout noise is very promising technology with
the limitation of decreasing the dark current (if we want to op erate the detector above
100K), extend the response down to 400nm and increase the detector format. Increase
the detector size format is possible as a future technology development. Extend the
response down to 400nm is managed by removing a part of the deector substrate
allowing visible light to be detected. It is possible for some manufacturer (CEA/LETI)
but incompatible for other (Leonardo). Decreasing the dark current needs an intense
technology material development as the trap assisted tunnelling is the actual limiting
effect.

Leonardo,
GB:
SETIIES
APD used
as gain of

1

Teledyne, Sofradir, Sofradir,
UsS: FR: FR:
Hawaii ALFA NGP

Readout <12e- CDS
noise at 300Khz
QE >80% over
Over .
wavelength Ul
1800nm
range

Rapide,
Sofradir,F
R APD

Require

Parameters
ments

1 Oe/pxl/s 3 e/pxlis

(for at 140K
Lt Sune! 18*18um (glow and
pixel size) hot pixels)

Slow
Detector:
O 2mw
100KHz .
Power FEE: DestleC)(\:/\t/(;r' typical Not
consumption O 300m <50mwW 140mW known < L2ty
at 100KHz (TBC)
Fast:
Detector:
300mW
FEE: 1W
Operating 150K-
temperature 30-300 K 30K-300K 150-170K 30-150K 55-80K

range 250K
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Leonardo,
GB:
Saphira,
APD used
as gain of

1

Rapide,
Sofradir,F
R APD

Teledyne, Sofradir, Sofradir,
UsS: FR: FR:
Hawaii ALFA NGP

Require

Parameters
ments

Format 20*128um

Full well O 80 -0 O 80 -0  690ke- 5.10 e- 2.10° e-

No but

new
Yes, 3 side version
in 2019 will be
buttable

2*2k

6/7 plan
to fly of
Sentinel 5

Buttable

4 (wave 4 (ground
4 front base
sensor) astronomy)

TRL level 9 4/5

Table 5-1:. Detector trade -offs with European and American detectors

5.2.3 Baseline Design
5.2.3.1 Detector baseline

The baseline design is therefore the Teledyne Hawait2rg with the performances listed
in Table 5-2 extracted from the Hawaii-2rg data sheetRD[7]. The SIDECAR ASIC will
readout and control the Hawaii -2rg detector.

Array format 2048*2048 pixels, 18um pixel pitch square

Slow mode: up to 300 kHz

Frame rate
Fast mode: up to 10MHz

Slow mode:
Detector: O ndW at 100kHz

FEEEO 300mW at 100kHz
Power dissipation

Fast mode (at 10MHz):
Detector: O0O300mwW
FEE: O1W
Cut-off 2.5um
Mean quantum O70% 600em i 1800nm.
efficiency
Mean dark current 10 e-/pxl/s at 140K

at 140K
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Median Readout .
noise CDSin slow 018 e
mode

Full well at 0.25V

: 080 000 e
bias

TRL 9

Table 5-2: Hawaii -2rg detector known or extrapolated performances

To minimise the readout noise and while keeping the longest integration time, the
detector readout frequency is chosen to be the highest frequency of the mode call slow
mode i.e 300KHz. In that way, the detector readout noise is minimised and the
SIDECAR ASIC power dissipation is less than 1W. Detector redout noise and power
dissipation have to be verified at this frequency (only data at above or higher frequency
are available).

The highest temperature still compliant with the dark current requirement have been
chosen. For the detector, a temperature of 19K will generate a dark current of 10 e-
/pxl/s. The front end electronic, the SIDECAR ASIC, associated to each detector of the
focal plane, can be operated between 50K up to room temperature. It dissipates less
than 1W at 300kHz. To limit the area of the r adiator on the satellite, the SIDECAR ASIC
will be operated at room temperature. More precisions concerning the thermal aspect of
GaiaNIR can be found on the thermal chapter.

The Hawaii-4Rg with a pixel pitch of 10um has not been baselined even if it will increase
the field of view by 20%. The main reason to reject this detector is the smaller pixel size
that would imply a faster readout and therefore a much higher readout noise (<100 e-)

5.2.3.2 Data acquisition and transfer chronogram baseline

According to Req. ID 6, 1.62s are allocated for the staring phase before moving the
mirror to the next position. During this time the science information needs to be
recorded.

In the current baseline, only a Correlated Double Sampling (CDS) is planned. It is the

minimum n umber of frame that can be recorded to be able to remove the kTC noise
created by the reset switch. It consists in 2 frames recorded one after the other without

reset ting the detector in between. A frame is a nondestructive readout of all pixels of

the detector.

Before reading out the pixels of the detector, they need to be reset. The Hawah2rg
detector allows reset pixel by pixel, line by line or global reset. In order to maximize the
integration time per pixel, the global reset has been selected whereall pixels are reset at
the same time. This reset time is estimated to be 40us.

After this reset time, pixels are read one after the other through the 32 channels. With a
readout frequency of 300KHz, the time to readout the whole detector (2048*2048
pixels) using the 32 outputs is 0.44s.

The first pixel of the first frame is read just after the reset and the last pixel of the first
frame is read at TO+0.44s.
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The first pixel of the second frame start to be read at t0+1.18s and the last pixel of this
secand frame is read at TO+1.62s.

The integration time or time when the photon are collected for a given pixel is 1.62 -0.44
=1.18s.

Between TO +62s and T0+1.81s, the mirror is pointing to the next field of view.

The front end electronic, the SIDECAR ASIC, alows to transfer the value while
digitalizing i.e. transfer the pixel value values to the data processing unit while readout
the remaining pixel of a given frame.

The chronogram of the data acquisition is presented in Figure 5-14.

CDS )\

\

Frame 1 transfer

Data ---------------- Frame 2 tranSfer

transfer
Frame 1 acquisition Frame 2 acquisition

Data

acquisition

Mirror

mechanism
| | | ! L~
1 | | | e

TO  TO+ 40us TO + 0.44 TO+ 1.18 TO+1.62 T0+181

Time (s)
Figure 5-14: Data acquisition chronogram with a CDS
5.2.3.3 Data processing step

Different processing steps are required to be performed on each pixe of the focal plane
before downloading the information of the star location. These steps are shown in
Figure 5-15and are the minimum number of steps for a CDS samping.

The star algorithm detection is based on the Gaia algorithm described in RD[9].

A fraction of the stars need to be tdemetered to ground with full 2 dimensio nal windows
(so without AC binning on board) for AC calibrations and attitude reconstruction. For
Gaia, this is ~1% of the sources.

Difference of the Reference pixel Flag of saturated Star detection Binning AC
2 CDS frames correction pixels algorithm or No
binning
Figure 5-15: Data processing step to perform on each pixel of the focal p lane.

The time needed to perform theses processing steps is a maximum of 1.81s,
corresponding to the starring time of the mirror. A potential improvement is to assess if
the actual data handling can support more than 2 CDS frames to be process. This frame
increase will allow to decrease the readout noise as shown in sectiorb.2.5.1

The details of the processing hardware needed to perform theses operation isdescribed
in the data handling chapter.
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5.2.3.4 Data budget estimation after processing

To compute the data budget estimation, several assumptions are needed as shown in
Table 5-3.

Parameter Value
Number of star per deg 2 11300
Focal length 35.2
Number of H2rg detectors 8 *7
Number of pixel and pixel size 2040*2040 pixels, 18um square pixel
pitch
Detector field of view (deg?2) 0.2
PSF pixel size at detector level 26 (AL) * 5 (AC)

Table 5-3: Data budget assum ptions

The number of object per day is computed to be 1.2E8 stars/day assuming 2260 stars
detected every 1.62s (see sectioiata acquisition and transfer chronogram 5.2.3.2).We
assume as well 16 images per object. The related data generation calculation is described
in section 6.7.10f the Data Handling chapter.

5.2.4 List of Equipment

To operate the Hawaii-2rg detector the front electronic called SIDECAR ASIC RD[8]
provided by Teledyne is required. The flex cable linking the detector and the front end
electronic is as well part of the deliverable.

number of mass total mass mass margin total mass incl.

items (kg) margin (kg)

PLM (Payload Module) 39.78 15.41 45.91
Detector_01 (Detector) 60 0.46 27.60 20.00 33.12
FEE_01 (Front End
Electronics) 60 0.14 8.58 5.00 9.01
SCS_01 (Sensor Chip
System) 60 0.06 3.60 5.00 3.78

Table 5-4: PLM det eceqouipnmed | i st of

5.2.5 Options
5.25.1 Options to baseline

If the data processing capabilities allows it (see Data processing chapter) , Fowler(N) or
Up the Ramp can be envisaged to decrease the noisélhe decreasing of the total noise is
given by the formula [RD4]
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12(n —1) 6(n*+1) 22m —1)(n—1)
2 =g ——(n—1)t,f — —1)tsf.
total mn(n + 1) read 572,(?1 + 1) (n ) Qf mn(n+ 1) (m ) ff
I n this expression, 0 total jasisthelread nbisetperl

frame in units of e- rms, m is the number of frames within a group, n the number of
group, tg is the duration time of a group of frames, tf is the time to readout a frame
(0.44s) and f is flux in units of e/s/pixel, where f includes photonic current and dark
current.

A CDS is considered as 2 groups of 1 frame. In that case, tg=tf=0.44s. The decrease of
the readout noise with the number of frame per group is given by the first term of the
equati on c ontaAparametergA valleeof 12 e has been considered for the

CI read value

14
12

Readout noise @
-
(@]

o N A~ OO

0 1 2 3 4 5 6 7 8 9 10
number of frames per group

Figure 5-16: Decrease of the readout noise with the number of frames recorded. |
assumed a constant number of 2 groups

A second option would be the development of a MCT array with rectangular pixel tuned
for the GaiaNIR application as stated in Req.4. This would increase the fullwell
capacity of the pixels (since they would become larger in volume), would allow to read
the pixels at a lower frequency, which would benefit the read-out noise, and would
decrease the telemetry volume of the science data. The ideal pixel aspect ratio is the
inverse of the entrance aperture aspect ratio.

5.25.2 Alternatives detector to baseline

ESA is developing a Technology [@velopment Activity called the "Astronomy Large
Format Array' or ALFA program with the goal of creating a Photon -to-SpaceWire
detection system comprising of a detector system and the ALFA controller or "ALFA-C'.
The timeline of this development activities is shown in Figure 5-17.
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ALFA technology
[200] i
ALFA-N phase 1
Detector-ROIC preliminary
development
IRP: 3 mntraits 12 months
2012
ALFA-C phase 1 ALFA-N phase 2
Prototype ASIC development Detector-ROIC development
TRP: 2 contract, 18 months N TRP: 2 contract, 18 months
2017 ALFA-Nphase3 | 7
ALFA-C phase 2 Prototype Detector-ROIC development
Optimised ASIC development TRP: 1 contract, 24 months
CTP: 1 contract, 24 months i
2019
ALFA-N phase 4
Optimised detector-ROIC development
CTP: 1 contract, 24 months
y
ALFA system final
== goeceton

Figure 5-17: ALFA technology development roadmap

Detector hybrid

No. pixels 2048 x 2048

Pixel pitch 15um

Cut-on wavelength 0.8um

Cut-off wavelength Max QE at 2.1 um
Dark current (100K) <0.1 e-/pxl/s

QE >80% over waveband

Control ASIC

Programmable clock sequencer

Bias supplies

16/32 analogue channels including ADC
Cryogenic operation (77K)

Table 5-5: Key detector and readout requirement for the ALFA activity

The European ALFA detector could be considered as an alternative to the baseline. The
performances at 300kHz of this detector are not known but this detector has been
designed to match the Hawaii-2rg performances. The performances at 100kHz have
been measuredand shown in Table 5-5. The performances of quantum efficiency in the
visible would certainly not match the Reqg.2. A value higher than 70% has been
measured between 800nm till 2um. The actual dark current value is limited by a glow
but is still compliant with the GaiaNIR requirements. The detector operability (number
of pixels that meet in the same time Reql, Req2 .and Req3) needs to be improved as well
to reach the level of the Hawaii-2rg. A warm proton and cold gamma radiation have
been performed on prototype from phase 2. The gamma radiation creates an increase of
dark current up to 30 times the pre-radiation level. This radiation test campaign was not
optimal as the proton radiation was performed at room temperature and unbiased.

The phase 3 of the activity has started and should end with a 2k*2k NIR detector with a
cut-off at 2.1um, a glow free detector and higher operability to be able to meet the
requirements shown in Figure 5-17. At the end of phase 3, a proper cold proton and
gamma radiation would be needed to improve the TRL level.
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5.2.6

The following technologies are required or would be beneficial to this domain:
Included in this table are:

Technology Requirements

1 Technologies to be (further) developed
1 Technologies available within European non-space sector(s)
1 Technologies identified as coming from outside ESA member states.

Equipment Technology Suppliers Technology Development/modification Feasibility
and Text and TRL from Non - needed of needed
Reference Level Space modification
Sectors
Detector APS CMOS | Teledyne Development of a MCT array | Feasible
MCT with rectangular pixel
TRL9 (20* 128um)
Detector APD MCT Leonardo Yes, only Decrease the cuton to 400nm | Difficult
detector (UK, gbrg:gg Increase to 4 side buttable Feasible
TRL 4 astronomy Change pixel pitch to Feasible
Sofradir rectangular (now 24um)
(FR) Increase of the dimension (now Feasible
320*256 pixel)
Decrease of the dark current
Difficult as
need of
technology
development
Detector ALFA MCT Sofradir Decrease the cuton to 400nm | Difficult
?
detector (Fr) TRL? Increase to 4 side buttable Feasible
Change pixel size to 20¥1.28um | Feasible
Increase the operability Feasible
Detector TDI NIR 1
MCT
detector
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5.3 Calibration

531 Introduction

Like Gaia, GaiaNIR is envisaged to be a seHcalibrating mission. This means that the
scientific calibration of the instrument is obtained from the science data itself, without
the need to have repeated, dedicated inflight calibration observations.

BCRS (Barycentric Celestial Reference System)
s Non-rotating

. LR Origin at solar system barycentre

T = TCB (Barycentric Coordinate Time) |

GREM
= (Gaia Relativity Model)

CoMRS (Centre-of-Mass Reference System) |
Non-rotating

Origin at the centre of mass of Gaia
T = TCB (Barycentric Coordinate Time) |

” ’ [ Attitude ]

L & SRS (Scanning Reference System) |
ﬂ Rotating with Gaia

Origin at the centre of mass of Gaia
T = TCB (Barycentric Coordinate Time) |

Fire Geometric
PO instrument model

Time ephemeris

CCD pixel coordinates I
Axis fixed by CCD geometry (AL, AC)
Origin fixed by CCD and on-board clock
t = OBMT (On-Board Mission Timeline)

Figure 5-18: Overview of Gaia calibrations. The key goal of the calibration is to
refer observations in CCD pixel coordinates made at a certain on -board time
(bottom box) to source directions / coordinates in the Baryce ntric Celestial
Reference System at the associated Barycentric Coordinate Time (top box). Figure
courtesy Lennart Lindegren (extracted from
http://adsabs.harvard.edu/abs/2017gdrl.reptE....V ).

The Gaia calibration is described in detail in RD[11] (in particular Appendix A) and
summarised in Figure 5-18. The instrument calibration, as well as the astrometric
processing of the data (i.e., the derivation of stellar positions, parallaxes, and proper
motions, sometimes referred to as source calibration), is done in the Astrometric Global
Iterative Processing (AGIS) system. Besides the source calibration, there are two other
calibrations in AGIS: the attitude calibration, which links the Scanning Reference
System to the S/C Centreof-Mass Reference System, and the geometa calibration,
which links CCD pixel coordinates to observed directions in the Scanning Reference
System. It is foreseen that GaiaNIR data will also be calibrated in an AGIS-like system,
albeit with several modifications, as discussed below.

ESA UNCLASSIFIEDT Releasable to the Public


http://adsabs.harvard.edu/abs/2017gdr1.reptE....V

\K _
\Q\&k— esa CDF Study Report: CD(liallgg(lg

October 2017
page49 of 284

5.3.2 Source Calibra tion

The GaiaNIR source calibration is envisaged to be identical to the Gaia source
calibration. Five -parameter source models will be applied as baseline and higherorder
(acceleration or orbital) terms will be added as needed for double and multiple stars.

5.3.3 Attitude Calibration

The attitude calibration of the baseline step-and-stare version of GaiaNIR will differ
from Gaianot only because of the TDI versus stepand-stare difference but also because
systematic, repeatable features of the de-spin mirror me chanism (e.g., undershoot)
must be calibrated too since these lead to systematic centroid shifts. Nonetheless, the
GaiaNIR attitude calibration is not expected to be(come) prohibitively complex or
unfeasible.

534 Geometric Calibration

Whereas the PSF calibration of GaiaNIR is expected to be similar to that of Gaia, with
only smooth variations of the PSF characteristics over the focal plane, the geometric
calibration of the detectors will have to be fundamentally different and much more
demanding.

motion of images

C . | = Legendre-polynomial degree
f = field-of-view index
A observation lines for gates _ .
g=0 12 11 109.. n = CCD index
ry T T — p=1979.5 g = gate index
, : , b = stitching-block index
: 1 F w = window-class index
! - j/k = time index
gl E |
= o ' = n = polynomial in p
o o 1 1o
46 =] 1 1 1 . A
o} W cch ! T stitching block
° r image ; 14 boundary
& E area L 01
? o i P n = another
@ b4 ! 1L polynomial in y
o [{e] + G
s| 8 {1
© - 1 (]
1 1 1
1 1 1
1 1 )
1 1 1
1 1 1
¥ : - — u=135
4500 AL pixels (45.00 mm) serial register
rl - along-scan direction (AL)
Image courtesy Lennart Lindegren
Figure 5-19: Gaiaés geometric calibration. Depicted
various fiducial observation lines corresponding to the various TDI gates denoted
as dashed vertical lines. The inset shows the effect of stitching -block boundaries.
The various labels are explained in the inset (see also Figure 5-20). Figure courtesy

Lennart Lindegren.
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In the case ofGaia, the geometric calibration greatly benefits from the TDI averaging of
the along-scan data over the pixel columns. What is needed forGaiais just the effective
transit time of each image over each detector. The reference for this timing is the so
called fiducial transit line (roughly the midpoint of the CCD). Since Gaia uses 8 TDI
gates to reduce the exposure time and limit saturation for bright stars (G < 13 mag),
each detector has 9 different fiducial transit lines. For each of the 62 astrometric CCDs,
each of these lines need to be characterised as function of the field of view (2
telescopes), the CCD pixel column (1966 columns per CCD, with discrete steps at stitch
block boundaries), magnitude (3 magnitude ranges/window classes are used in Gaia),
and time (to account for both long-term thermal and radiation effects as well as
radiation -, refocus-, and decontamination-induced discontinuities). The Gaia geometric
calibration model uses shifted Legendre polynomials per time block (see Figure 5-19).
For Gaia DR1, the geometric calibration model uses ~123,000 parameters (seeFigure
5-20). For Gaia DRA4, it is expected that of order 1,000,000 parameters will be needed.
In particular for the short TDI gates, which are applied to bright (and therefore rare)
stars, the number of calibration sources in the sky is very limited. This deficit may
ultimately limit the final bright -star performance of Gaia.

Kind of Multiplicity Total

parameter [ f n g b w j/k number
Ang{’ij 3 2 62 1 1 1 141 52452
An,) 1 2 62 1 1 1 141 17484
Anéng 3 2 62 9 1 1 1 3348
Anf . 2 2 62 1 9 1 1 2232
Aq‘i 3 2 62 1 1 3 1 1116
Ag“:?jk 3 2 62 1 1 1 87 32364
Ay 1 2 62 1 1 1 8 10788
ALS 3 2 62 9 1 1 1 3348

Figure 5-20: Gaia DR1 geometric calibration (extracted from Appendix A in
RD[11] ). The columns headed  Multiplicity give the number of distinct val ues for
each dependency: Legendre polynom ial degree (I), field -of-view index (f ), detector
index (n), TDI gate (g), across -scan stitch ing block (b), magnitude/ window cla ss
(w), and time interval ( j or k). The last column is the product of multiplicities,
equal to the number of calibration parameters of the kind. The total number of
geometric calibration parameters in Gaia DR1is ~123,000. In DR4, the total
number will be ~1,000,000.

The TDI averaging effect of Gaia means that the geometric calibration of 4500 TDI lines
per detector is collapsed into the calibration of just 9 fiducial transit lines per detector.
TDI operation hen ce allows a simplification of the calibration of a factor 4500/9 ~ 500.
This gain is not applicable to the baseline stepand-stare GaiaNIR design which, on the
contrary, requires that all along -scan pixel columns are calibrated individually. Taking
advantage of the finite PSF size of (say) 2 alongscan pixels, aGaiaNIR detector of 4500
pixels does not require 9 along-scan but 4500/2 = 2250 along-scan calibration points,
which explodes the problem by a factor 2250/9 ~ 250. Extrapolating from the ~1 million
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geometric calibration parameters ultimately needed for Gaia, this means of order a few
hundred million geometric calibration parameters are needed for GaiaNIR. Whether
this is reasonable and feasible, even conceptually, requires a dedicated study, which is
far beyond the scope of theGaiaNIR CDF. Nonetheless, one consideration can be made
already at this stage. A key to the success of selfalibration is the presence of a
sufficiently large redundancy ratio between the number of fitted parameters and the
number of observations.

7 ForGaiabs geometric calibration in the fi
1 million geometric calibration parameters. In AGIS, the number of primary
sources, that is those sources that are sufficiently stablei both astrometrically
and photometrically i to be used as calibration sources, is around 10% of all
sources, so 100 million. With 70 transits each and 9 CCD crossings per transit,
these sources generate 100 million 70 9 = 63 billion CCD observations. The
redundancy factor is hence 63E9 / 1E6 ~ 60ES3.

1 For GaiaNIR, there are 250 million geometric calibration parameters. Although
GaiaNIR will see many more stars compared to Gaia, nearly all of them will be
faint and hence contribute calibration sources to the same magnitude range /
window class. In particular the bright -end star counts for GaiaNIR will be similar
to the (already problematic) Gaia numbers. A potential improvement that is
reasonable to assume is to use ~80% of the sources as stable calibration sources
(excluding 20% of the sources that are double/multiple and/or variable). This
factor 8 gain 1 which comes at the expense of AGIS processing timé reduces the
factor 250 to a factor 250/8 ~ 30 such that the redundancy factor decreases from
60E3 to 60E3/30 ~ 2 000.

Whereas it might be the case that a redundancy factor of 2000 is reasonable and
workable, this is non-trivial, and far beyond the scope of the GaiaNIR CDF, to either
prove or disprove.

5.35 Conclusions

For the moment, the feasibility of the two -dimensional geometrical calibration of a step-
and-stare version of GaiaNIR i linked to a limited sky density of suitable calibration

sources, especially if the calibration includes colour- and magnitude-dependent terms 1
should be considered as a nonnegligible risk.
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5.4 Science Performance

In this section, we provide an estimate of the end-of-mission astrometric performance
for the GaiaNIR baseline concept as well as for two alternative concepts/variants with
the goal to provide guidance in the prioritizing of (detector) technology developments.

In the following , we first give a short description of the model used to estimate the
astrometric performance for a given mission concept. We then discuss briefly the mode
assumptions and limitations and later provide a validation of the model against the Gaia
performance and a similar model developed by D. Hobbs i the GaiaNIR lead scientist
from Lund (Sweden).

After exposing the different mission concepts studied as well as providing a detailed list
of the input parameters used for each case, we present, compare, and discuss the
various performance estimates. We also show the impact of several key detector
specifications on the mission performance.

54.1 Performance Model
54.1.1 Fro m centroiding accuracy to end -of -mission parallax error

Astrometry is a generic term used to describe the science ofmeasuring stellar position s,

parallaxes, and proper motions. For a given sky scanning law, the skyaveraged position

and proper-motion errors can be derived from the parallax error (see RD[12]). Both

terms O6astrometric -ggd-mmr §srmanpadabhdxogeatdandard
used interchangeably in the following.

We use a bottom up approach to model a given mission concept astrometric
performance: going from ultimate one -dimensional centroiding (image location)
accuracy as determined by the CramérRao bound theorem to end-of-mission parallax
accuracy.

The Cramér-Rao bound is the maximum-achievable performance for a properly
sampled signal derived from fundamental principles on information technology. In this
work, we assume this bound is achievable not only in theory but also in practice. This
assumption is based on Gaia experience. One important caveat is, however, that the
Cramér-Rao bound can only be achieved with a proper (Nyquist) sampling of the signal.
This condition should always be checked when the CramérRao bound is used.

For a global astrometry scanning mission like Gaia, the 2D astrometric mapping and
reconstruction is enabled from combining the various (~70) scans or one-dimensional
centroid measurements that are made of each object over the mission lifetime under
various, "random" angles. This is explained in Section 3.1 of theGaia Mission paper
(RD[13]).

The end-of-mission parallax standard error relies on the following two critical eq uations
and quantities:
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=, U LSF(mI)Ji%mfﬂ)/Ne d””)_l

Equation 1: Cramér -Rao bound in the case of estimating the location of a one -
dimensional image  as derived in Lindegren 1978

With:
T Udet the ultimate centroiding accuracy (det stands for detector) [pixel]

1 Nethe number of collected photo-electrons for the considered cropped image
referred to as window in the following [e -]

1 LSF thenormalised Line Spread Function corresponding to the instrument PSF
binned in the across-scan direction [dimensionless]

1 xthe distance from the LSF centre in the along-scan direction [pixel]

T a the total number of Dbackground el ectro
sky background [e-]

1 rthe total readout noise within the window [e-]

1.47 Jdet + Jcal
—Q = X
sin(€) Nps

Equation 2: End -of -mission parallax error  as derived in  Gaia -JDB -022
(http://www.rssd.esa.int/doc_fetch.php?id=448635 )

¢ G, end-of-mission parallax error [as, for arcsecond]

f  Uca (residual) calibration error introduced in the data processing , expressed per
elementary observation [as]

T m (= 1.2) margin which accounts for sky complexity, e.g., background
inhomogeneity, double stars, crowding [dimensionless]

1 1 =51.5°is the Solar aspect angldor GaiaNIR (compared to 45° for Gaia)

1 Nobs number of detector observations of a given star, accumulated over the entire
mission lifetime (~9 70 ~ 630 for Gaia).

For photometry, the baseline focal plane is divided in 4 different wavelength bands
[400 -800], [400 -1100], [400-1500], [400 -1800] nm consisting of two detector columns
each (also known as detector strip). Because the parallax error is different for each
waveband, we compute individual U, ; per detector column and on a per observation
basis. We then combine these individual errors into one single error representative of
the transit over the entire focal plane as follows:

—222
0%

’W’L

O = M X

Equation 3: Combining individual parallax errors into one
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Each star is observed twice per detector (in the CDF baseline, se@able 5-7), hence the
total number of individual errors to be computed and subsequently combined is 16. In
that case Nobs becomes equivalent tothe number of times a star transits the focal plane
Ntransits. HOW we compute Ngansits IS described in Section 5.4.1.8. Of relevance in that
computation is that the number of detector ro ws equals 7 in the baseline.The baseline
focal plane comprises 8 detector columns (and 7 rows, this relevant only to compute
Ntransits), and each star is observed two times per detector, hence i = 16.

5.4.1.2 PSF and LSF modelling

For a given wavelength, the PSFis computed by multiplying the across-scan LSF with
the along-scan LSF, which are both modelled as sinc squaredi the one-dimensional
response function to a rectangular aperture i as follows:

sin(aux) TAp

I3

Equation 4: LSF modelling for one d irection (either along - Or across -scan)
1 Aisthe aperture dimension: width along -scan, and height acrossscan [m]
1 p the pixel size: width along-scan, and height acrossscan[m]
i fthe focal length [m]
T 1 the wavelength [m]

LSF(z) = ( )2 ,with o =

axr

For each wavebandb, apolychromatic PSF is computed, as follows:

Acutfoff
PSFy= Y n(A) x PSFy,with PSFy = PSPy, if A < Aain
A:Acui‘.—on

Equation 5: Multi -wavelength PSF computation
PSR the PSF for a given waveband defined by [l cut-on, | cut-of] [NO dimension]
1 PSF the PSF at a given wavelength computed using Equation 4 [no dimension]
T the telescope diffraction limit [m]
1

n(1) the flux at a given wavelength for a given star and detector (see nexsection).
[photons/s/m 2/nm].

The resulting PSF is then binned acrossscan and normalised to obtain the desired
along-scan LSF to be used to computeliger. Figure 5-21 shows a comparison between
monochromatic GaiaNIR binned PSFs (alongscan LSFs) and the polychromatic binned
PSF (alongscan LSF) for a G2V type star.Figure 5-22 shows the 2D PSF.

The PSF model is convolved with a Gaussian kernel with a sigma equal to one fourth of
the pixel pitch to account for all possible sources of smearing (up to % of a pixel), e.g.,

de-spin mechanism combined with detector effects such ascharge diffusion and charge

sharing. Note that the de-spin mechanism error requirement is smaller than % n of a

pixel (see Mechanism section5.7 in this report).The % value comes from Gaia and the

smearing introduced by the minimum TDI step which corresponds to a CCD pixel
electrode.
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Last, we include the broadening of the PSF due to the detector response function (effects
mentioned above excluded) by convolving the PSF with a rectangular kernel with the
pixel dimensions.

GaiaNIR PSF
|
ﬁ — 400
— 500
. — 600
- 700
= BOO
4 n — 900
0.8 — 1000
| — 1100
1200
1300
EO 7] 1400
8
51 1500
1600
04 : — diffraction limit lambda
B - multi-wavelength PSF
— window
0.2
0
T T T 1
10 5 ] 5 10
coordinates [pixel]
Figure 5-21: Comparison between monochromatic GaiaNIR binned PSF (along -
scan LSF) at different wavelengths (indicated in nm) and the multi -wavelen gth
binned PSF (in black), excluding de -spin mechanism smearing and detector

response broadening
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GaiaNIR PSF, diffraction lambda = 900 nm, H2RG 18x18um pixel pitch

Figure 5-22: Polychromatic  GaiaNIR 2D PSF with diffraction limit of 900 nm and
excluding de -spin mechanism sm earing and detector response broadening

54.1.3 Considered star types (SEDS)

Figure 5-23 shows the spectral energy distributions (SEDs) of the seven star types
provided by Carme Jordi et al. (Barcelona University) and that we have considered here:

1 B1lv, G2V, and MOV are standard Gaia spectral types representative of non
evolved, main-sequencehot, solar-like, and cool stars, respectively. Hot, blue B1V
stars are very rare and constitute ~0.1% of all stars. Yellow solartype stars
represent ~8% of all stars. The vast majority (75%) of stars in the universe are red
M-type stars.

1 NextGen_AvO0_Teff3000 logg4 represents an even redder (M6V) dwarf, also
very common. None of these stars is reddened by interstellar dust (A, = 0 mag).

1 The remaining three objects (B1V, K5III, and M3III) are severely reddened and
extinct by interstellar dust (A v = 5 mag), representative of large distances (in the
galactic plane, the typical extinction is around 1 mag per kpc, so 5 mag extinction
in the V band would correspond to a distance of ~5 kpc). The K5Il and M3l
stars are evolved, latetype giants (luminosity class Ill), which are intrinsically
bright and very common. They would be prime targets for GaiaNIR.

All 7 spectral types considered here do emit visible light (seeFigure 5-23) and, as such,
can be observed byGaia (provided they are brighter than the survey limit of G = 20.7
mag). GaiaNIR-only objects can be obtained by applying more reddening.
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5.4.1.4

From star SEDs to number of photo -electrons

To compute Uget, We need to compute the total number of electrons Ne. This is
performed as follows:

1
1

First, we select the spectral energy distribution (SED) of a particular star type.

The SED is then multiplied by the QE of the selected detector (after interpolation
of the QE at the SED waelengths). Figure 5-24 shows a comparison between the
Gaia CCD QE and the QE of two hybrid MCT detectors measured in the ESA
SciLab (including our baseline, the H2RG). Note that by removing the substrate
on which the MCT is grown, one can make the hybrid MCT detectors sensitive in
the visible. This option is retained here and we assume a conservative, flat 70%
QE over the range:400 < | <800 nm.

We then integrate over the given wavelength band, multiply by the telescope
throughput, multiply by the integration duration, and scale to any desired
magnitude.

Last, we apply a window-cropping factor to account for electrons falling outside
the considered window (typically about 10% of the photo-electrons are lost in this
way).

4 Reference star SEDs - normalised to G = 21

Differential flux [photons/s/m*2/nm]

w

N

—_
L

— NextGen_Av0_Teff3000_logg4

—B1V

— G2V

= MoV

— B1V_Av5_Teff30000_logg4.5
K5l1l_Av5_Teff4000_logg2.5

— M3III_Av5_Teff3500_logg2.0

"s00 1000 1500 2000 2500
Wavelength [nm]

Figure 5-23: Spectral energy distributions for different star types

ESA UNCLASSIFIEDT Releasable to the Public



\\\\k“ GaiaNIR
\\\&— esa CDF Study Report(:)&lg&l:;o(??

page58 of 284

00 Detector quantum efficiency

—ALFA-N (2.1 um cut-off)
—H2RG (2.5 um cut-off)
—Gaia CCD

80+

60 -

QE [%]

40

20+
04 /J

Figure 5-24: Comparison between different, measured detector quantum
efficiencies: in blue the Gaia CCDs to show the enlargement of the considered
wavelength range, in red the baseline H2RG US detector with a cut -offat2.5 T m,
and in green the ALFA  -N detector develo ped by the CEA Leti in France in the
context of an ESA technology development activity. Note that below 800 nm, an
average QE of 70% or more can be obtained for the two MCT devices (by removing
the substrate on which the MCT photosensitive layer is grown)

500 1000 1500 2000 2500
Wavelength [nm]

5415 Background modelling

The background is composed of electrons generated by the detector dark current and
collected from the sky background during the exposure.

The number of electrons due to the sky background depends on the considered
waveband, detector QE and integration duration. It is computed in a similar fashion as
for the total number of signal electrons (see section5.4.1.3), using a G2V SED (the Sun)
and a Ky surface brightness of V = 22.5 mag/arcseé.

On top of temperature, the realistic dark current depends on the selected detector, cut-
off wavelength, pixel pitch, and integration duration.

5.4.1.6 Readout noise computation

The readout noise computation depends on the type of detector used and the detector
output signal sampling method. It is computed as follows:

T = Oread X4/ Npix

Equation 6: Readout noise computation for one observation

1 rthe total readout noise for a given window used in Equation 1[e-]
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1 Uread the readout noise per pixel for a given readout frequency and for a post-
processed image using a giversampling method e.g., CDS, Fowler, upthe-ramp.
CDS is baseline here (see Detector sectio.2 in this report) [e-]

1 Npix the number of actual readouts per window: i.e. the total nu mber of pixels in
the window for e xi sting standard MCT hgthan ad drad
but only the number of along-scan pixels for CCDlike detector readout in TDI
mode (as on-chip binning across-scan is possible) [dimensionless].

5.4.1.7 Integration d  uration computation

The integration duration depends on the observation mode (TDI or step -stare) through
the de-spin mirror mechanism. In the TDI case, the integration duration is equivalent to
the time it takes for a star to cross a detector, and thus only depends on scan rate, plate
scale, and detector size. In the despin case, the integration duration depends also on
the step duration (baseline half a detector i.e. two observations per detector) from which
we also remove (i) the duration of the de-spin mirror mechanism reset (10% of the step
time), (ii) the duration of a full frame readout (see Detector section 5.2 of this
document).

5.4.1.8 Total number of focal plane s tellar transits

There is no simple, parameterisation for the total number of focal plane transits.
Estimates of this number require simulations of the scanning law, i.e., the spacecraft
pointing as a function of time. The principles behind the scanning law are summarised
in Section 5.2 of Gaia Collaboration et al. (2016; http://dx.doi.org/10.1051/0004 -
6361/201629272). The scanning law follows from solving the differential equations (1)
and (2) in that document and require five input parameters:

1. Spinrate;

2. Solar aspect angle;

3. Precession period;

4. Initial spin phase;

5. Initial precession phase.

To determine the number of focal-plane passages, one furthermore needs:

6. The size of the field of view in the across scan dimension;
7. The number of telescopes / fields of view;

8. The mission length;

9. The observing efficiency, i.e., the mission dead time.

Such simulations have been done in the past forGaia, resulting in 70 transits for a 5-
year mission, 20% dead time, 7 CCD rows across scan with 1966 3@micron pixels each,
two telescopes, a 60 arcsec/s spin rate, a 45solar aspect angle, and a 63day precession
period. In practice, the initial spin and precession phases (items 4 and 5) are irrelevant
for the number of focal-plane transits.

In this study, we ignore the dependence of the solar aspect angle and assume that the
other parameters remain unchanged for GaiaNIR compared to Gaia. Therefore, the only
dependence we include is that of the acrossscan size of the feld of view, which is a
simple, linear scaling.

ESA UNCLASSIFIEDT Releasable to the Public


http://dx.doi.org/10.1051/0004-6361/201629272)
http://dx.doi.org/10.1051/0004-6361/201629272)

K\ .
\\\&— esa CDF Study Report: CD(liallgg(lg

October 2017
page60 of 284

The end-of-mission number of transits for the GaiaNIR baseline (with 7 H2RG detectors
across scan with 2048 18micron pixels each) equals 43.50. For the GaiaNIR H4RG
variant (with 4096 10 -micron pixels), the number is 48.34.

54.2 Model Assumptions
In the following table, we give a summary of the model assumptions and limitations:

| Assumptions | Possible impact
1 Close and beyond full well detector effects See discussionbelow.
2 Detection limit of faint stars See discussion below.
3 All smearing effects on the PSF are smaller than This is a conservative assumption;
1/4" of the pixel size possible 10% level underestimate

of performance for 8 < G < 16.
4 The de-spin mechanism stepping duration is 10%  This is a conservative assumption;
of the total (step + stare) time. possible overall % level under
estimate of performance.
6 The QE of the nearinfrared detector in the visible  This is a conservative assumption;
[400, 800] nm is flat and has a value of 70%. possible overall % level under
estimate of performance.
7 The achievable centroiding performance is equal  The impact is an over-estimated
to the Cramér-Rao bound. performance by at most 5%

Table 5-6: List of the performance model assumptions and limitations
54.2.1 Close and beyond full well effects

Considering a charge handling capacity (CHC) of 100ke-, the widest waveband [400-
1800] nm, and a red star (MOV) (i.e., a worst case), we measure that saturation in the
LSF core occurs at around G = 12 mag and that saturation in the wings occurs around G
= 7 mag. Since Gaia performs centroid measurements for saturated stars with
unsaturated wings, un-modelled detector effects occurring close and beyond the
detector full well are taken into account by discarding results for stars brighter than G =

7 mag. This implies the assumption that saturation related effects occurring at fainter
magnitude (i.e., for 7 < G < 12 mag) such as blooming and persistency can be calibrated
out (by special mode of operation or in the data processing).

5422 Detection limit

Detection or measurement issues occurring at the faint end of the magnitude range are
taken into account by discarding end-of-mission parallax errors for stars for which the
centroid measurement error averaged over the four wavebands is greater than 1 pixel
(i.e., not meaningful anymore). This gives a rather realistic (not the most conservative)
estimate of the faint-end limit for a particular mission concept.

5.4.3 Model Inputs and Studied Case

In the following, we study and compare the end-of-mission performance of a number of
GaiaNIR mission cases. The CDF baselinei si mply referred to
following 1 is used as a referenceTable 5-7 summarises the model input parameters for
each considered case:

1 f b as e lGaiaN&oincluding a de-spin mechanism which enables the use of
existing H2RG detectors.
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1 A"H4RGO: the baseline but usi he exi s

smaller pixel pitch).

1 A T D Ithis:concept uses NIR detectors that can be operated in TimeDelayed
Integration (TDI) in the charge domain (see RD3 for a detailed explanation). This
technology does not yet exist, however it would have several advantages including
enabling a mission concept without a de-spin mechanism and a much improved
science return with reduced risk of complex calibrations.

ng t

Note that the performance model was validated against the original Gaia mission; the
model reproduces the Gaia performance numbers using the Gaia parameters as input

(also shown for completeness inTable 5-7).

Model input Baseline H4RG TDI Gaia
parameters
Mission concept

Spinning spacecraft with Spinning spacecraft Spinning Spinning

de-spin mechanism with de-spin spacecraft with spacecraft with
allowing for existing mechanism NIR TDI CCDs operated
detectors allowing for detectors in TDI mode
existing detectors
Detector parameters
Detector type MCT CMOS hybrid NIR TDI CCD
detector
Detector Teledyne H2RG Teledyne H4RG Non-existing E2v CCD9172
reference
Readout noise 12 70 12 4.5
per pixel [e-]
Readout 300 kHz 5 MHz N/A N/A (93 kHz)
frequency
Readout 32 1 1
channels per
detector
Dark current [e-  1e-1/(18*18) at 80 K for - - 1le6/(10e-
Ipixel/s/ T m?2] 2.57 m cut-off or at 130 K 6*30e-6)
for .97 m cut-off (non-
standard)
Pixel size AC 18 10 - 30
[Tm]
Pixel size AL 18 10 - 10

[T m]

Detector size AC

Detector size AL

Cut-on

2048 pixels, 3.7 cm

2048 pixels, 3.7 cm

Define by waveband

4096 pixels, 4.1 cm

4096 pixels, 4.1 cm
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wavelength
[nm]
Cut-off Define by waveband - - 1000
wavelength(s)
[nm]
Diffraction 900 - - 665
wavelength
[nm]
Window size 5x 28 10 x 64 - 12 x12
[AL x AC pixels]
Readout noise All pixels in a window - Noise-less AG Noise-less AG
computation contribute to readout binning i.e. only  binning i.e. only
noise AL pixels in a AL pixels in a
window window
contribute to contribute to
readout noise readout noise
Quantum H2RG red curve in - - Gaiablue curve
efficiency Figure 5-24 and for the in Figure 5-24
interval 400 < | <800
nm, a flat QE of 70%
PSF smearing Y4 of pixel size - - Y4 of pixel size
due to de-spin
mechanism plus
detector charge
diffusion and
sharing
Telescope
Telescope 0.9 - - .73 (also
throughput includes
detector QE)
Aperture AC[m] 0.25 - - 0.50
Aperture AL[m] 1.6 - - 1.45
Focal length [m] 35.2 - - 35
Mirror 10% oftotal (step + stare) - N/A N/A
mechanism duration
reset duration
allocation
Computed 1.18(x2 per detector) 1.70 (x2 per 3.60 4.42
integration detector)
duration [s]
(see5.4.1.7)
Astrometric f ocal plane parameters
Detector 8 - - 9
columns / strips
[AL]
Detector rows 7 - - 7

[AC]
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FoV AC 0.26 m, 0.42 deg 0.29 m, 0.47 deg - 0.41m, 0.68 deg

FoV AL 0.29 m, 0.48 deg 0.33 m, 0.53 deg - 0.40 m, 0.66
deg

Column per 2x [400 -800], 2x [400 -1100], 2x [400-1500], 2x [400 -1800] 9x [300-1000]
waveband(s):

[cut-on, cut-off]

[nm]

Mission parameters

Number of 2 - 1 1
observations per

detector (related

to step size)

Sky-average 43.50 48.34 - 70
number of star

transits for a 5-

year mission,

assuming 20%

dead time

Sun aspect angle 51.5 - - 45
[degree]

Scan rate 60 - - 60
[arcsec/s]

Astrometric accuracy computation

Sky complexity 1.2 - - 1.2
margin, m

Residual 100 - 100/ 42 (*) 60
calibration error

per detector Ucal

[T as]

Table 5-7: Summary of the model input parameters for all considered cases.
-0 i ndicates that the baseline value

(*) The lower (ca for the TDI case is required to compensate for a simulation artefact that would
artificially degrade the bright star performance compared to the baseline due to a lower total number of
observations (only one observation per detector in TDI versus two for the baseline), despite the same
actual observation time.

Stellar O6Next C

type M6V B1V G2V %[0}V B1VAv=5 K5lIIA v=5 M3IIA v=5
I\/[Igg_rtl)lgi]c(i;]e End -of -mission parallax error [ >as]
Baseline
7 (bright) 9 9 9 9 9 9 9
15 77 234 165 81 97 38 27
21 15531 56412  38660* 16843 21002 5421 2919
H4RG
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7 9 9 9 9 9 9 9

15 417 1509 1036 453 564 144 80
21 104526 378869* 259912 113373 141316 36377 19486*

TDI

7 9 9 9 9 9 9 9

15 34 57 48 34 37 23 19

21 1750 5910 4129 1881 2309 694 426

Table 5-8: Summary of the end  -of -mission parallax error estimates for the

different GaiaNIR mi ssi on concepts. fA*0 indicates that

already beenreached. Av=5 refers to a reddened star with  Av=5 mag extinction

54.4 End -of -Mission GaiaNIR Performance Estimates

This section shows the results of our performance prediction exercise:

1 We first provide a comparison between the three GaiaNIR concepts mentioned
above, and this is done for the 7 stellar types and as a function of G magnitude.

1 Second, we study the impact of critical detector characteristics by varying pixel
pitch, readout noise, and dark current for the baseline case.

1 Last, we present validation results where the model predictions are compared to
the Gaia performance and to a similar performance model developed by D. Hobbs
I the GaiaNIR lead scientist.

5.4.4.1 Performance estimate comparison between the different mission
concepts

Figure 5-25 shows the performance estimates for the baseline case for all stars studied:
as anticipated, the redder the star, the better the performance gets; for the reddeg star

studied (M3l Av5 ), the baseline achieves better than 301 a parallax errors at G=15

mag. From the figure, we distinguish between two regimes:

1 The bright star regime (for G < 10 mag, the flat part of the curves), where the
signal to noise ratio is very favourable and where the calibration errors dominate
(seeEquation 2).

T The Apdoaiownedo regi me (for G > 10
contribution dominates, and where all measurement errors gradually increase
with magnitude as the signal to noise ratio becomes less and less favourable (a
SNR of about 1 is reached at the detection limit).
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1045 7GaiaNIR baseline astrometric performance estimates for different stellar types
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Figure 5-25: Baseline concept performance comparison for different spectral types

The exact boundary between the two regimes varies with the star spectral type; the
photon-starved regime is reached at fainter G magnitudes for redder stars. The same
goes fa the detection limit; we notice that for the bluest stars the limit is reached as
early as magnitude 20 (for the baseline case).

Table 5-8 summarises the performance estimates for all concepts and all stellar types at
three different magnitudes (G = 7, 15, and 21 mag):

T

Despite a slightly larger focal plane, the H4RG option provides no performance
improvement; it actually exhibits an order of magnitude worse performance at
the faintest end compared to the baseline. This is mainly due to a drastic increase
in readout noise implied by the H4RG smaller pixel pitch and slightly larger
format; the total number of pixels read out per frame is far larger than for the
baseline and decreases the available time for integrating light to such an extent
that the detector has to be operated in fast mode (5 MHz). In this mode, the
readout noise per pixel increases from 12 e to 70 e-. The smaller pixel pitch also
means that the number of pixels within a window increases, and therefore also
the readout noise contributors for a given measurement.

On the other hand, the TDI option provides a significant improvement compared

to the baseline; an order of magnitude in parallax errors at the faintest end and
also an extended detection limit especially for the bluer stars (seeTable 5-8) of at
least one magnitude. These improvements are dueto an increase in integration

duration (no dead time induced by the de-spin mechanism reset or the detector
full -frame readout) but mostly due to a sharp decrease in readout noise (a factor
5) provided by the noise-less binning in the across-scan direction (i.e. only along-
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scan pixels in the window contribute to the total readout noise for a given
measurement).

1 Provided that detector effects do not dominate the PSF smearing (but that PSF
blurring caused by the de-spin mechanism dominates), one can expect tirther
improvements at intermediate magnitudes (10 < G < 16 mag). This is not shown
here, since the same PSF smearing has been used for both the TDI and baseline
cases.

In Figure 5-26, we show parallax errors for the reddest stellar type studied (M3l Av5 )
for the three GaiaNIR mission concepts (black lines) and compare them to Gaia (blue
line); it shows that for red stars as such the baseline concept provides no improvement
compared to Gaia but only the TDI concept with a significant improvement as a
potential for new science. Figure 5-27 shows a similar comparison for a solar-type star
l.e. with most of its flux within the visible band; for this type of stars, the GaiaNIR
concepts cannot compete with Gaia. The lack of performance improvement compared to
Gaiafor red stars, despite a greater sensitivity in the NIR band, is due to:

1 Areduced aperture implying less signal per observation
1 Areduced focal plane implying fewer observations per object
1 And an increase in readout noise introducing more noise per observation.

But it is also due to the fact that for photometry purposes the astrometric focal plane is
divided in four wavebands, which means that actually only one fourth of the focal plane
benefits from the widest band [400 -1900] nm. A different focal plane arrangement may
provide better performance with a minimum impact on photom etry: e.g., four columns
with the widest band and only one column for all other bands and/or a longer cut -off
wavelength.

10%5 7Comparison between the GaiaNIR mission concepts and Gaia for the reddest studied star (M3lll Av5)

" H4RG
= Baseline
== TDI
1074 4 — Gaia
7
]
N
2
NELCE
§ 1073
3
Q
<
S
81082
g
k3
2
w
1071 4
100 1 T ; ; ; 1 1 T
6 8 10 12 14 16 18 20 22
Star magnitude [G-band]
Figure 5-26: Performance comparison between the different GaiaNIR concepts

(black li nes) and Gaia (blue) for the reddest star studied
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Comparison between the GaiaNIR mission concepts and Gaia for a solar-type star (G2V)

1045 4
“*H4RG
= Baseline
“=TDI

10M 4 — Gaia

10434

10424

End-of-mission parallax error [uas]

107 4

10'\0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T U T T T T U T T
6 8 10 12 14 16 18 20 22
Star magnitude [G-band]
Figure 5-27: Performance comparison between the different GaiaNIR concepts
(greenlines) and  Gaia (blue) for a solar  -type star

5.4.4.2 Impact of detector  performance on final astrometric accuracy

For a red star spectral type (MoV)), we now investigate the impact of some of the most
critical detector specs, namely: readout noise (seeFigure 5-28), dark current (see Figure
5-29), and pixel pitch (see Figure 5-30 and Figure 5-31). Only one parameter at a time is
varied and all the others are fixed to the baseline case if not mentioned otherwise. The
figures show the change in parallax error compared to the baseline as a function of the
stellar magnitude: smaller -than-one values mean an improvement in performance, and
greater-than-one values degradation.

Figure 5-28 clearly shows that the measurement is readout noise limited especially for

fainter targets; hence the lower the readout noise, the better the endof-mission

performance. Only for readout noise values lower or equal than 1 e (not changing any

other detector specs), the baseline performance can reach the TDI performance (dashed
line). This points at the potential of MCT APD technology, which provides sub-electron

readout noise (see Detector setion 5.2). Note that the readout noise per observation

can also be decreased:

1 by using more advanced sampling methods (see Detector sectiorb.2),

1 possibly by summing up only the pixels containing signal during the on -board
processing,

1 and more efficiently by modifying the pixel dimensions (see the following).
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Relative change in parallax error: error / baseline error

Impact of readout noise on performance (MOV star)

.....
-
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Figure 5-28: Change in astrometric error compared to the baseline (solid lines) for
different readout noise values and for the TDI option (dashed line): the baseline
sub -electron readout noise to catch -up wit h the TDI performance

requires

1.357 —Dark=1 00e-/pix/s

Relative change in parallax error: error / baseline error

1.25

1.15-

1.05

Impact of dark current on performance (MOV star)

= Dark=10e-/pix/s
= Dark=1e-/pix/s
Dark=0.1e-/pix/s (baseline)

/

5 10 " 1 7 2
Star magnitude [G-band]

Figure 5-29: Change in astrometric error compared to the baseline for different
dark current values; the performance starts to degrade noticeably only for a factor

100 increase in dar  k current
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On the contrary, Figure 5-29 shows that dark current is not a limiting detector spec
here, and this remains true even when halving the readout noise (not shown here). This
shows that depending on the dark current performance of the detector, the detector
operating temperature may be increased with only a small penalty in performance.
Furthermore, one should note that we computed the sky background for the widest
waveband to be about 0.5 e/pix/s; dark current values smaller than this number will
not provide a performance improvement.

As previously discussed, by increasing the size of pixels the integration duration
increases (less pixels in a full frame to real out) and the total readout noise per
observation decreases (same area but less pixels within a window). There is some limit
to the pixel size increase nevertheless:

9 Across-scan one needs to be able to accommodate for offboard measurement of
the motion of stars from one detector column to the other.

1 And, more importantly, along -scan the sampling of the LSF affects the
centroiding accuracy.

We distinguish between acrossscan and alongscan pixel size.Figure 5-30 shows that
increasing the size of pixels acrossscan brings significant improvement in performance,
while Figure 5-31shows that for a MOV star there is an optimum in along -scan pixel size
close to 251 m. (note that this optimum may be different for other stellar types, bluer in
particular). For a 30 T m pixel along-scan, we notice first a degradation in performance
for intermediate magnitudes (12 < G < 17 mag) followed by an improvement for fainter
magnitude; this confirms that, while at the faint end the measurement is dominated
only by readout noise, for intermediate magnitudes the shape and sampling of the PSF
is critic al.

Across-scan pixel size impact on performance (MOV star)

—y

o
o

o
o
|

o
'S
L

= 18umx36um
= 18umx72um
+ = 18umx108pm
18umx18um (baseline)
== TDI: 18umx18um Tt

Relative change in parallax error: error / baseline error
o
n

5 10 15 20
Star magnitude [G-band]
Figure 5-30: Relative change in astrometric performance for different across -scan

(AC) pixel sizes: the baseline performance benefit greatly from a significant
increase in across -scan pixel size
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Along-scan pixel size impact on performance (MOV star)
161 = 10pmx18um
'g = 15umx18um
) = 20pmx18um
§ 1 —25umx18um
2 30umx18um
§ 1.47 — 18umx18um (baseline)
g |
8
&
1.2
3
Q
&
8] —
<
% 1 I/
‘g X
3
D
i
681012141618 2022
Star magnitude [G-band]
Figur e 5-31: Relative change in astrometric performance for different along -scan

(AL) pixel sizes: performance improvement for the entire magnitude range occurs
onlyfor20and 25 1 m.

5.4.4.3 Model validation
54431 Validation against Gaiab s per f or mance

To validate the end-of-mission performance model presented herein (referred to as CDF
model in the following), we compute performance estimates using the original Gaia
mission parameters as input (cf. Table 5-7) and compare the obtained results to the
actual Gaia performance prediction as published in RD[12].

As can be seen fromTable 5-9 and by comparing the green dots (actual Gaia numbers)
and green solid line (CDF model) in Figure 5-32, our model estimates for Gaia closely
match the Gaia numbers.

Stellar type G2V
Model CDF Gaia
Magnitude End -of -mission
[G -band] parallax error [ >as]
7 (bright) 6 >-16
14.76 (%) 20 24
19.76 (*) 553 540
Table 5-9: Validation of the presented model against the original Gaia missionend -
of -mission parallax errors. (*) The V to G passband conversion introduces the
decimals
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CDF model validation against Gaia
10454

® Published values: Gaia , G2V

= CDF model: Gaia, G2V

“* CDF model: GaiaNIR baseline, G2V
10744 =" CDF model: GaiaNIR baseline, M3lIl Av

1043 1

10124

End-of-mission parallax error [uas]

10M 4

1070 i " " " " ; " " " " ; " " " " y
5 10 15 20
Star magnitude [G-band]
Figure 5-32: Validation of the CDF astrometric performance model using the
original Gaia mission as input (green solid line) against the published Gaia

performance estimates (green dots) for a G2V star. And for comp arison we also

show the GaiaNIR baseline parallax errors for a G2V (green dashed) and the

reddest star studied (black dashed line). See Figure 5-26 and Figure 5-27 fora

more complete comparison including the TDI concept

5.4.4.3.2 Comparison with Hobbsd model

In parallel to the CDF model, a similar GaiaNIR model for performance prediction has

been developed independently by D. Hobbsi the GaiaNIR|1 ead sci enti st.
strictly implements the Gaiad Whi t e Paper 6 perf or marmRO[&3],mod:e
with modifications to take into account the specificities of the GaiaNIR missions (e.g.

the different wavebands). Table5-10c o mpar es Ho b b s 60 CDFeressuitt and wii
shows that:

1 The CDF model gives systematically a more conservative estimate.

1 However, considering the different approaches of the two models, as well as
several differences in input parameters and assumptions, the results match
reasonably well (same order of magnitude) with the strongest deviation at the

faint end.
N[ngrt])i;?%? End -of -mission parallax error [ >as]
Stellar type G2v MOV K5Il Avs
Model CDF Hobbs CDF Hobbs CDF Hobbs
Case Baseline
7 (bright) 9 9 9 9 9 9
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15 165 99 81 55 38 27
21 38660* 22533 16843 11024 5421 3584
Case HARG
7 9 8 9 8 9 -
15 1036 680 453 365 144 -
21 259912* | 170694 113373* 91496 36377* -
Case TDI
7 9 9 9 9 9 9
15 48 33 34 26 23 18
21 4129 1318 1881 714 694 312
Table 5-10:. Compari son between the CDF and Hobbsdé astr
model estimates for three different stellar types and the three different GaiaNIR

mission concepts studied

5.4.5

We have compared three different mission concepts. Both the baseline and the H4RG
options rely on existing detectors but a to-be-developed despin mechanism (see
Mechanism section 5.7). This de-spin mechanism is not needed in the third option,
called TDI, but this option relies on the development of a completely new detector
technology (see Detector section5.2).

Conclusion

The TDI option provides an order of magnitude better performance at fainter magnitude
as well as a fainter detection limit compared to the baseline, while the H4RG option
provides no improvement. We also show that as such only the TDI option provides a
potential for new science by bringing an improvement in astrometric performance for
redder stars compared to the original Gaia mission.

The baseline concept however providesno improvement compared to Gaia (even for
redder stars) due to reasons listed here above and among which the focal plane size and
arrangement: minimum number of detector rows and columns and merging of
astrometric and photometric fields to minimise cost (d ue to higher MCT detector cost
compared to CCDs, and Mclass cost goal).

The limiting detector spec is by far the readout noise. Significant improvement can be
reached by altering the pixel pitch of standard detectors (baseline concept), i.e
significantly elongating the pixel dimension across-scan to match the telescope aperture
ratio. More advanced sampling methods (e.g., Fowler sampling) and clever on-board
processing could further reduce the readout noise such that the baseline option
performance can beimproved towards the TDI one. Nevertheless, concepts relying on a
de-spin mechanism potentially present a greater challenge (and risk) in terms of
scientific calibration (see Calibration section 5.3).

Possibly a different arrangement of the focal plane wavebands, maximising the overall
flux received in the NIR wavebands while conserving the possibility to perform
photometry measurements, would benefit all GaiaNIR mission concepts. This was not
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studied here and would require the photometry measurement performance to be also
estimated and taken into account.
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5.5 PLM Configuration

5.5.1 Requirementsand Design Drivers

1 Provide the telescope and FPA with a very stable environnent. To minimi se any
mechanical and thermal perturbation.

Provide the CCD with sufficient shielding
Support the telescope and FPA during all phases
Minimi se the mass

Provide sufficient radiator area to meet the thermal requirement. Surface area of
6m2 and 0.4m2 for radiator for cold and warm region respectively

Provide support structure to the optical instrument and radiator
Optical light path should not be obstructed by the support structure
1 Provide set of 3 identical bipods subsystem which include eah:

o An In-orbit bipod made of glass fibre composite which provides a low thermal
conductivity

0 A Launch bipod made of CFRP that is deployed after launch, then locked in
deployed configuration. The launch bipod should be stiff enough to withstand
the launch phase.

= =4 —a -

= =

5.5.2 Assumptions and Trade -Offs

There were no assumptions or tradeoffs associated with the payload module
configuration.

5.5.3 Baseline Design

The Payload Module of the GaiaNIR Spacecraft includes the common optical bench that
facilitates the three instruments and the interface equipment that attaches the PLM to
the SYM. The Thermal Tent of the Payload Module is attached to the Service Module to
avoid a physical connection to the optical bench.

The optical bench consists of a toroidal structure using silicon carbide material because
of its optical, mechanical and thermal properties. The most important aspect for Gaiato
meet its science objectives is a thermally stable mounting pdatform. This is

accomplished by using silicon carbide which is known not to expand and contract as a
function of temperature.

The torus is about 3.6 meters in diameter being quasi-octagonal in structure consisting
of individual Silicon Carbide segments. The optical bench supports the GaiaNIR
telescopes and the focal plane assembly

The PLM Instrument interfaces with the SVM mechanically, at lower interface level of
the Bipods and Release Mechanism subsystemsThe Bipods and Release Mechanism is
a set of 3identical Bipods subsystems, which include each:

1 A Launch bipod with its two Hold -down release mechanisms at its upper end and
its hinge-typec onnecti on at its bottom end. This bi
then locked in deployed configuration.
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1 AnIn-orbit bipod that is fixed.

Each bipods subsystem is a coherent and integrated subsystem, interfacing on one side
on the ServiceModule (SVM) top floor thru one interface bracket, and on the other side
on the PLM Instrument (payload optical bench) thru two identical brackets, at the level
of the tore.

The Launch bipods are arranged to support the PLM Instrument during all its lifetime,
i.e, including AIT, launch & in-orbit phases. After release of the Launch bipods, while in-
orbit, the In -orbit bipods ensure the mechanical connection between the SVM and the
PLM Instrument and support the routing of the harness between SVM and PLM
Instrument, while minimi sing thermal exchange between the 2 modules.

Figure 5-33: GaiaNIR PLM in the launch configuration

The optical path of the telescopeis composed of
1 Primary mirror
1 Secondary mirror
9 Tertiary mirror
1 3x Flat mirrors:
0 At the entrance pupil
0 At the exit pupil
o Folding mirror after the exit pupil .

Figure 5-34 and Figure 5-35 show the GaiaNIR optical surfaces and light path. Support
structures of all optical instruments are directly connected to the torus structure to
avoid obstructions of the light path except for the rotating mirror that is located in the
middle of the torus structure. Finally , the support structure of the rotating mirror is
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designed to be parallel to the light path from the rotating mirror to the FPA see Figure
5-44.

Primary Mirror (M1),

Tertiary Mirror (M3,

Secondary Mirror (M2)

Figure 5-34: GaiaNIR optical surfaces and the| ight path

Figure 5-35: Top view of the GaiaNIR Light path

The support structure of the GaiaNIR optical instrument is shown in blue co lour in
Figure 5-36.
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SS_Folding_Mirror, .

SS_entrance_pupil_M2

Figure 5-37: Top view of the support structure

Following figures show that the GaiaNIR optical light path is not obstructed by the
support structure.
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Figure 5-38: Light path atthe entrance pupil

Figure 5-40: Light path on M2
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Figure 5-43: Light path on Folding mirror
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Figure 5-44: Light path to FPA

Figure 5-45 shows the radiator area allocated around the torus structure. There is no
detailed study of how the radiator interfaces with the PLM. This should be further
investigated in later phase.

Figure 5-45: PLM Radiator area

5.5.4 Overall Dimensions

Following figures show the overall dimension of the PLM. Dimensions are shown in
mm.
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1500
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Figure 5-46: Overall PLM dimension (side view)
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Figure 5-47: Overall PLM dimension (top view)
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5.6 PLM Structures

5.6.1 Requirementsand Design Drivers

SubSystem Requirements
Req. ID Statement Parent ID

STR-010 The GaiaNIR PLM structure shall exploit commonalities with MIS-050
the Gaia spacecraft as much as possible.

STR-010: Mission requirement MIS -050 states that the cost to ESA shall notexceed
550 M0 [ 2TDhé flojv down of this requirement onto the structures domain means
that the Gaia design heritage shall be reusedas much as possible Obviously, the optical
design is quite different from that of Gaia, even the overall dimensions of the spacecraft
i while similar i are sufficiently different that a direct reuse of structural components
can be ruled out. However, it is worth to carry-over the overall design principle and
therewith the lessons learned during qualification and operation of the Gaia spacecratft.

The number of direct requirements regarding the structural subsystem is thus limited,
but several assumptions will be made deriving from that one requirement and the
thermal environment requirement TCS -050.

5.6.2 Assumptions and Trade -Offs

Assumptions

The optical bench shall be attached to the SVM by three pairs of quasiisostatic

1 bipods, one of which is built for launch loads and the other for low thermal
conductance and low stiffness. The former can be separated from the PLM and
securely folded away.(Same design asGaia S/C).

The optical bench is made of silicon carbide (same design asGaia S/C).

The thermal tent structure is closely derived from the Gaia S/C design.

Assumption 1. The concept of the bipods attaching the optical bench to the SVM is
carried over from Gaia. This contains three pairs of quasi-isostatic struts which are
dimensioned to sustain launch loads and can be separated and securely folded away.
The PLM is also sipported by six struts that are optimised for low gravity environment
and low thermal conductivity. One strut of each type is basically paired up in a common
subassembly that allows the former to do its job until LEOP phase, when its separation
is executedand the latter to perform after that.

The secure folding away of the strong strut is required to achieve the best possible
steady rotation motion required for science
down after separation from the PLM the quality o f the rotation movement could be
diminished by shifts in the position of the struts.

Assumption 2:  The optical bench are made ofsilicon carbide (same material as Gaia
S/C).
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Assumption 3: It is assumed that basically copying the thermal barrier between SVM
and PLM from Gaiais sufficient to achieve thermal requirement TCS-050, this pertains
to the application of multi -layer insulation between the PLM and SVM.

5.6.3 Baseline Design

The diameter of the optical system is slightly larger than for Gaia, the distance between
primary mirror (M1) and the centre point of the flat split mirror (MO)  at the entrance
pupil is 2459 mm, edgeto-edge the distance between these two is 3176 mm, segigure
5-48.

Figure 5-48: GaiaNIR telescope size

However, the torus structure to which all the mirrors are attached does not have to
encircle the primary mirror elements MO and M1, but rather the smaller mirror
elements below these. The largest distance between two elements in the lower part of
the optics is 2619 mm between the secondary mirror (M2) and the folding mirror (M5).
The toroid has to allow for these elements to be placed within it. Accounting for a
minimum of 100 mm distance between the torus and each mirror for holding and
adjustment brackets this leads to 2820 mm torus minimum diameter . With a torus
cross-section of 200 mm the minimum outer diameter of the torus thus is 3220 mm,
which is about the same max distance (3176 mm) between flat mirror (MO) and primary
mirror (M1) . The configuration studies arranging the torus with the mirrors, allowing
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for sufficient mounting space for the mirrors and adding the thermal tent around it
showed that the GaiaNIR spacecraft body (i.e. the diameter of the thermal tent) will

realistically have a diameter of 3.8 m. A size comparison of Gaia and GaiaNIR tori can
be seen inFigure 5-49.

- M ovable
mirror

assembly

Figure 5-49: Size comparison between Gaia (dark red) and GaiaNIR tori

Figure 5-49 shows that a part of toroid (at the top in the image) carries no optical
elements. Accordingly, the torus will be shortened in this region, very much like the
overlaid Gaiatorus (in dark red) in the image. The size reduction may not only serve a
moderate cost reduction but also allow the area to be used for equipments which may be
mounted to the top deck of the SVM (of course assuming proper thermal insulation
towards the optical assembly). Allocation of equipments in this area may serve

counterbalancing the mass of the optical assembly and radiators (more on the radiators
below).

The thermal analysis as presented in section5.8.3.3 shows that to cool the focal plane
assembly down to the required 140 K (and bearing in mind that only passive thermal
hardware shall be used, requirements TCS010 and TCS020) a radiative surface of 6
m?2 i s needed (cold radiator). This is a significantly large proportion of the spacecraft
bodyobés surf ace ar Erent End-Hlectroriice (FEBED ane Data Prbcessing
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Unit (DPU) need to be placed close to the focal plane assembly, according to the thenal
analysis these require another 0.4 m2 of radiative surface (hot radiator). Figure 5-50

shows the two radiators attached to the PLM.

GAIA NIR Thermal tent

Hot

GAIA_NIR_PLM
Cold

GAIA_NIR_SVM

!/

Figure 5-50: Service module (SVM), payload module (PLM) with hot and cold
radiators and thermal tent

Due to the size required for the cold radiator, the folding mirror and FPA were allocated
such that the focal plane assemblywould be on the side of the upper flat (MO) mirror,
allowing a radiator height of up to 2 m under the window in the thermal tent. The hot
radiator is located to the right of the window on the thermal tent. Figure 5-51shows the
two radiators covering one whole side of the spacecraft body, except the window of the

upper flat mirror (MO).
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Figure 5-51: Focal plane assembly radiator (orange) with 6 m2 size,
FEE and DPU radiator (red) with 0.4 m2 size

The distances between the detectors, the FEE, the DPU and their respective radiators is

of concern. Figure 5-52s hows a di stance of the focal pl ane
radiator of about 1 m. The FEE has a distance
the DPU can be placed behindt he FPA such that it has 0.9 m t
improved clarity, Figure 5-53 shows the conductive distances within the thermal

concept sketch (taken from Figure 5-64).

cold radiator hot radiator

Figure 5-52: Assessment of di stances between radiators and FPA, FEE and DPU
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Figure 5-53: Thermal concept sketch (taken from  Figure 5-64) with conductive

distance lengths

As mentioned above, the concentration of radiators, FPA, FEE and DPU on one side of
the PLM means quite a mass imbalance whichhas to be compersated, ideally not only

within the SVM . The torus radius is reduced in the area opposite of the FPA, allowing to
place equipments to counterbalance the radiator mass (assuming thermal shielding in

between SVM and PLM)

The mass estimate for the PLM structure is closely based on theGaia PLM masses. The
mass of the bipods carrying the PLM remains unchanged, the Periscqpe/M4 support

structure mass of Gaia is kept, representing on GaiaNIR the structure needed to hold
the movable mirror M4. The torus mass is increased by 5% wrt. Gaia, representing the
size increase.Table 5-11shows the full PLM structures mass calculation.
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Product Tree Item No. of Gaia | Scaling |GaiaNIR
ltems Item Factor Item
Mass [%] Mass
[kl [ka]
Mirror Support Structures 260.74
Tore 1 192.14 5% 201.75
Tore 1 6.91 5% 7.26
Tore 1 8.28 5% 8.70
Tore 1 2.67 5% 2.80
Main Bipods (fixed + launch struts) 0 12.07 0% 0.00
Periscope/M4 support structure (FOS) 1 33.02 0% 33.02
FOS Invar Shims 1 2.85 0% 2.85
PLM/SVM IF Shims 3 1.46 0% 4.37
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Telescope MLI and Thermal Hardware
Telescope MLI and Thermal Hardware
Telescope MLI and Thermal Hardware
Telescope MLI and Thermal Hardware
Telescope MLI and Thermal Hardware
Telescope MLI and Thermal Hardware

[elelleolieolielie]

17.35
3.40
0.50
0.60
11.00
0.38

0%
0%
0%
0%
0%
0%

0.00
0.00
0.00
0.00
0.00
0.00

Table 5-11: GaiaNIR PLM structure mass estimation

5.6.4 Technology Requirements

No technology developments for structural subsystems required.
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5.7 PLM Mechanisms

5.7.1 Requirements and Design Drivers

SubSystem Requirements

Req. ID Statement Parent ID

The M4 mirror mechanism shall allow step&stare observations
MECH-010 | on the focal plane every 1.81seconds while the S/C spins at 6(
as/s.

The M4 mirror mechanism shall perform a linear movement
MECH -020 | over a total stroke of 488.8 arcsec in 1.629 seconds, to despin
the image at the focal plane (stare phase) .

The M4 mirror mechanism shall be able to move back (step
MECH -030 | phase) to the starting position in 0.181 seconds (10%
allocation).

The M4 mirror mechanism shall have a resolution of 5x10-4 of

MECH -035 the total stroke during the stare phase.
The absolute position knowledge of the M4 Mirror shall be
MECH -040 better then 10-5 of the total stroke.
MECH -050 The_M4 mirror m_echanlsm shall have a lifetime of 5 years
continuous operation
i The M4 mirror mechanism shall function under cryogenic
MECH-060 temperatures of 140k.
MECH-070 The M4 mirror mechanism shall have a constant dissipation of

no more than 1 Wand constant heat generation.
MECH-080 | The M2 Mirror shall have a 5DoF refocusing mechanism

5.7.2 Baseline Design

The baseline design described in the following section contains two mechanisms for the
payload module. First the required de-spin mechanism for the 4t mirror is explained,
then the 5 degree of freedom refocusing mechanism for the 29 mirror is shortly
discussed. The mechanisms required for the deployable sunshield are covered in the
service module section.

5721 Mirror Mechanism M4

The mechanism for the 4th mirror (M4M) has the main task to de -spin the optical image
on the focal plane so that the spacecraft can continue a steady rotation, but the detectors
on the focal plane receive a steady image for ~1.629 semds.

The M4M is located in the middle of the optical bench and very close (or on) the
rotational axis of the spacecraft. This is positive for the exported torques of the
mechanism into the spacecraft, but the total build -volume available for the M4M is
limited as shown in Figure 5-54 below.
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Figure 5-54: GaiaNIR Optics Design

The M4M is located directly on the optical bench and has a mirror attached to it.

Therefore the M4M has to work in the same cryogenic temperature ranges as the M4
(140K). Furthermore the exported heat of the M4M has to be very low and constant over
time. Same as for Gaia, the thermal requirements for the optical bench and all

components located on the bench are very stringent. Temperature impacts from the
M4M onto other components will have to be reduced to a minimum (in the range of

mK).

The step size (duing which the image has to be kept still on the focal plane) is defined
by the detector size of the infrared detector. As science requires two images per detector,
one step is half the detector size, equal to 18 mm (1024pixels of 18micrometer). Witha
focal length of 35m, this corresponds to a 108.625 arcsec angle on the sky. This results
in a step& stare time of 1.81seconds with the 60 arcsec/s S/C angular rate. As an initial
budgeting, 10% of this time is reserved to move thede-spin mirror mechanism back to
the start position, leading to 1.63s for starring (mechanism linear motion to counter the
S/C spin) and 0.18s for stepping (mechanism return to original position)Due to the
position of the M4M in the optical path, the telescope magnification factor is 10, so the
angle at mechanism level is x5 the angle on the sky (reflection accounting for the
missing factor x2).

Stare Step
Duration 1.63s 0.18 s
Angle on sky 60 x1.63=97.8 as
Angle on mechanism 488.8 as (0.136 deg)
Mechanism speed 300 as/s (0.08 deg/s) 2715 as/s (0.75 deg/s)

These values are the baseline for the mirror mechanism and help define the possible
actuation methods for the MAMM. As the total rotation of the mirror is small (0,136°)
and the rotation speeds are low (<1°/s), several options are available. The movement
profile of the mirror is shown below.

ESA UNCLASSIFIEDT Releasable to the Public



\E\\\K&\%—T— esa CDF Study Reporggg(gi%g

page91lof 284

Mirror Movement Profile

0.14 S—

o013 "StarelPhase" / “Step Phase”

0.08

0.06

Rotation angle (deg)

0.04 -

0.02

S A A A e e A A e e — ...,

Time (sec)

Figure 5-55: Mirror movement profile for M4 mirror
5.7.2.2 Actuator trade -off

Although the rotation of the mirror is back and forth, this movement can still be
achieved using a constant rotation actuator. An eccenter mounted to the rotor shaft and
amplified using a compliant mechanism can achieve the required stroke.

The working principle is similar to that of a piston in a piston engine and depicted in
Figure 5-56. The blue circle represents the rotor, rotating about its rotation axis (grey)
with a rod eccentrically fixed to it (black). The rod moves a carriage, which is situated in
a rail assembly, thus resulting in a translational motion, indicated by the orange arrow.
The range of the translational motion is then exactly the distance between the rotation
axis and the point of fixation of the rod. Considering the relatively small motion range
(175 pm), a compliant mechanism will presumably be necessary to reduce (!) the stroke
to this level, since a distance of 87.5 um from the rotation axis is hardly implementable.

i

Stroke H

Figure 5-56: lllustration of the working principle of a rotary motor achieving a
translation

The linear motion of the carriage in dependence of the rotary angle is depicted in Figure
5-57. A portion of the stroke is unusable to achieve a significant translation, since
around the 180 and 0/360 degree position, the rotation results in almost no
translational movement. This is why the stare phase starts at 1/12 pi and ends at 11/12
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pi. As a result, the maximum and minimum position slightly over -, respectively
undershoot, the 0 and 175 pum positions, indicated by the red lines.

200

150
100
50

0

Linear position, X [um]

-50

1 pi 2 pi 3pi

Rotary angle, phi [rad]
Figure 5-57: Rotation transformed into translation

Figure 5-58 shows the required speed piofile and the resulting carriage movement (=>
mirror movement) over time, where H is the stroke on mirror -level in micrometres and
omega the motor velocity in radians per second. During the stare phase, the rotational
speed needs to be constantly adjustedas to achieve a constant velocity of the carriage.
When restoring the position for the next phase, a constant speed can be commanded,
resulting in a sinusoidal movement of the carriage.

250 25 T
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:_ 15 §
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Figure 5-58: Mirro r movement and corresponding rotary speed

Altogether, a mechanism like this is inherently complex. It involves a number of
components that all present friction interfaces and problematic developments in
themselves: a highly accurate and precise rotary mobr, two rotary joints, to fix the
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transmission rod to the rotor and the carriage, a low friction rail to guide the movement
of the carriage and on top of this a compliant mechanism, to reduce the stroke to the
required range.

Possible actuators usable forthis application could be based on stepper or brushless
motors in combination with single or multistage gearboxes. Although the TRL is very

high on systems like these, the generated heat from these motors, especially during non
stop operation is severe (®veral watts depending on motor sizing). The heat generation
in combination with mechanical issues such as backlash and exported vibrations caused
by bearings and gears, the usage of a rotating actuator was ruled out.

To achieve a linear motion of the mirror, a linear motor could be used. Linear motors

are available in two configurations: magnetic or piezo. Magnetic linear actuators such as
voice coil actuators are not further considered for this study as similar to the rotating

magnetic actuators, the heat generation is in the order of several watts.

Therefore only piezo actuators are a feasible solution for the application.
OTS piezoactuators come in three configurations:

Parallel prestressed piezo actuator (PPA)

Amplified piezo actuator (APA)

Walking actuators (WA)

Parallel prestressed piezo actuators rely on the elongation & retraction of the piezo
crystalline structure to execute a stroke and force. These actuators can produce a very
high blocked force (>500N) but only a | imit

Amplified piezo actuators rely on a compliant mechanism that amplifies the executed
stroke. Although the stroke can be increased by large factors, the blocked force is
reduced by the same factor. This decrease is also applicable to the achievable step
resolution of an APA.

l'n'n'n'n'n'l'l'l'n'n'n'n'n'n'n'l'l'l'l'l'l'l" o

Figure 5-59: Parallel Prestressed actuator (left), Amplified Piezo Actuator (right)

Wal king piezo systems rely on friction bet
part. Usually the movable part is clamped on both sides between these legs and by
alternating actuating the legs, the part is moved. The main advantage of this system is

that there is no connection between the total achievable stroke and the single step size.

In the baseline design the M4 mirror has a width of 190 mm, the optimal positioning of
the actuator should be around 2/3 of the mirror halfwidth. With this leverage arm and
the calculated actuation range of 0,136° the total stroke required can be calculated:

N S WIT, L
0 e aax eua

ESA UNCLASSIFIEDT Releasable to the Public



K\ .
\\\&— esa CDF Study Report: CD(liallgg(lg

October 2017
page94 of 284

0 0 zQEMp o@Jlp 1'Ca

As important as the required stroke is the lifetime requirement of the chosen actuator.

With a stroke of 1751T m every cycle, the
(pT’E(pT’ECT,.T ,
Z— ‘
X I Q2op xua p@)wa

With an expected spacecraft lifetime of ~5years, this results in:
p &Z0 @bux o

It has to be noticed that there is no heritage not test evidence that the walking piezo
actuator is able to srvive such a life duration. Actually, all the tests performed so far,
especially in vacuum, have demonstrated limitation in the achievable number of cycles
these types of actuators could reach. In this sense, it seems that the solution with
walking piezo device should not be consideredas a viable solution. At the contrary, a
mechanism with prestressed piezo actuators shows compliance with this request of life
and should be preferred.

A further requirement on the actuator is the smallest achievable and repeatable step
size. As piezo actators require a dedicated piezo drive unit, therefore in the first

instance, the drive unit has to be able to provide the required voltages with the specified
accuracy. During the CDF study the ratio between stroke and stepsize has been defined
with 5*104 (0,002%) of the total stroke. This results in a maximum step size of 3.49nm

and a 16bit resolution from the piezo drive unit.

The heat generation and dissipation of the M4AMM will have a strong impact on the
whole optical setup and must therefore be kept as small and stable as possible. Piezo
actuators produce heat in the range of milliwatts and the output will be constant during
the whole operation. The heat generation by the electronics of the piezo drive unit will
be dissipated within the service module.

With the previously described values, a trade-off table (Figure 5-60) has been presented
during the CDF. The trade-off shows that pre-stressed or anplified piezo actuator types
could both be used for the mechanism. The exact selection between these 2 options
should be left for when the requirements (stroke and resolution) will be consolidated.
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/%

equirement Stroke Stepsize Stepsize Force Repeatabi Heat Lifetime Lifetime Vibrations Heritage TRL
L value) | [m] [% of [nm] [N] lity generation (ambient) (120K, Obar)
stroke]
Actuator (175) (0.002) | (3.49) >1)

Stepper

motor with

GB & ~q
eccenter.

Brushless
DC with GB ~4
& eccenter

Linear coil
actuator o o ?

Prestressed

Piezo <100

(scalable)

Amplified
Piezo 28

Walking
Piezo o + (%) <5

Figure 5-60: Actuator trade -off table

As for the design of the MAMM itself, several options are possible, either a 1 degree of
freedom system in which the mirror is rotated around a flexible pivot point or a 2
degrees of freedom mechanism whch provide tip/tiit movements. As can be seen in
Figure 7, the 1DoF mirror setup could be realised with only one actuator but requires
increased stroke which implies increased difficulty to achieve the required accuracies
and thermal restrictions. Furthermore the optical cent re of the mirror is shifted when
the mirror is rotated.

Actuator

Optical bench

Figure 5-61: 1DOF Mirror Setup

A second option would be to have the mirror actuated in 2 (3) degrees of freedom.
Therefore a Tip/Tilt movement is possible which could eliminate further disturbances
within the spacecraft rotation (or to ensure no parasitic motion is induced between tip
and tilt). While this option adds complexity, it is considered to be feasible.

7 Possible

movement

Axis of rotation

/s

Figure 5-62: 3 DoF tip/tilt mechanism
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Heritage on such mechanisms, including piezo in cryogenic conditions, exists (e.g. TDA
on cryogenic fine steering tip/tit mechanism for EChO/ARIEL with Cedrat
Technologies).

5.7.2.3 M2 - 5DoF and 3DoF

Similar to the original Gaia mission, a refocusing mechanism for the second optical
mirror is required. For this CDF -study, the part was reused as flown onGaia (seeFigure
5-63) as the requirements for the mechanism are similar. Currently a new mechanism is
under development from RUAG (3DoF Tripod configuration). The activity is at the
moment in the detailed design phase. Both thes designs use stepper motors and
gearboxes as actuators.

Z-Actuators

3)
X-Actuator

Y-Actuator

Figure 5-63: Gaia M2 Mirror Mechanism (Sener)

573 List of Eﬂuiﬁment

PLM (Payload Module) 10.00 15.00 11.50
DeScan_mech (DeScan Mechanism) 5.00 20.00 6.00
M2_RFM (M2 Refocussing Mechanism) 5.00 10.00 5.50

Table 5-12: PLM Mechani smés | i st of equi pment

574 Options
No further option has been identified at this stage of the project.

5.7.5 Technology Requirements

The following technologies are required or would be beneficial to this domain:
Included in this table are:

Technologies to be (further) developed
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Technologies available within European non-space sector(s)
Technologies identified as coming from outside ESA member states.
Equipment | Technology | Suppliers and Technology Additional
and Text TRL Level from Non - | Information
Reference Space Sectors
Cryogenic Piezo CEDRAT - R&D activity in
Fine actuated, Technologies i test phase.
Steering cryogenic 2- | TRL4
Mirror DoF.
Mirror 2 | Stepper Seneri TLR 9 - Flight heritage
Moving motor  plus in Gaia
g/lgchFamsm, plan%tary A 3-DoF
0 gearbox version is being
implemented in
Euclid.
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5.8 PLM Thermal

5.8.1 Requirements and  Design Drivers

Sub System Requirements

Req. ID Statement Parent ID
TCS010 The TCS shall be composed of only passive thermal hardwareg
(MLLI, thermal links, heaters and heat pipes)
TCS020 The TC_S shall not produce any mechanical vibrations (e.g. no
mechanical coolers)
The FPA shall have a temperature stability of +/- 5 mK during
TCS030 a TBD period
TCS040 The decontamination temperature of the PLM shall be set as
193 K (-80 °C), based onGaia
The SVM shall be thermally decoupled from the PLM in such a
TCS050 way that temperature fluctuations in the SVM do not carry over

an influence on the thermal and mechanical stability of the
PLM

5.8.2 Assumptions and  Trade -Offs

Assumptions

The FPA is composed of 7*8 + 6 detector arrays (60 in total) of Teledyne HgCdTe
HAWAII type detectors, with a working temperature of 140 K and a dissipation of
300 mW per detector array

The FPA6s Front End El ectroni cs ofdWp&l
readout chain (60 in total) and is operating at room temperature.

NOTE: This value has evolved to 0.5W per readout chain, however this change
does not significantly impact the design. This baseline design is now more
conservative.

The detector harness linking the SIDECAR to the FPA has a maximum length of
100 mm and has a thermal conductance of 1.5 mW/K per readout chain (60).

The data processing unit has to be within 0.4 m of the SIDECAR and has a
dissipation of 40 W, and will be operatin g at room temperature

A beginning-of-life value for the infrared emissivity of 1.0 for the black paint on the
radiator is considered for the decontamination power estimate. An end -of-life value
of 0.8 is considered for the radiator sizing.

A temperature gradient of 15 K between FPA and radiator is considered for the
radiator sizing, to take into account contact resistances, thermal link conductance
and radiator efficiency losses due to gradients on radiator (non-uniform

temperature across radiator)

The mirror de -spinning mechanism has a constant dissipation of 1 W and will be
operating at a temperature of 140 K
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Assumptions

Cryogenic Radiator sizing with 100% margin on cryogenic heat loads, given the

8 current CDF-level design status and additional parasitic heat loads

5.8.3 Baseline Design
1 Two distinct thermal regions with dedicated radiators:

o One cold region at about 140 K for most of the PLM, detectors, mirrors and
mechanism;

0 One Hot region at about 293 K for the SIDECAR and Data Processing Units.
The FPA is thermally coupled via 6 flexible aluminium thermal straps to the
cryogenic radiator at 6 m2 and at 125 K. Thermal straps are employed instead
of heat pipes thanks to the relatively low heat flux to reject, of 32 W.

1 The Warm region of the PLM is thermally coupled to the warm radiator of 0.4 m 2
with a regular ammonia heat pipe, given the high heat flux of 100 W considered.

1 The Warm region is thermally insulated from the remaining cold PLM, via MLI
shielding and via mechanical stand-offs providing therm al decoupling (use of
glassibre reinforced plastic such as G10 or SGlass)

1 The high temperature stability required for the FPA will be better achieved by
employing an enclosed thermal tent coated black on the inside, as for Gaia, in
order to reach a high temperature uniformity in the PLM cold region

1 The PLM shall have open loop heater control applied on the FPA and SIDECAR
and DPU, in order to compensate for dissipation variations high enough to
induce significant temperature oscillations on the FPA

1 Mirror de -spinning mechanism passively cooled by the PLM cavity, which at a
thermal tent temperature of 125 K, requires 0.15 m? of radiating surface at 0.8
emissivity

1 Detector temperature 130-140 K, as it cannot be guaranteed that the PLM offers a
radiative sink temperature of sub-140K for the FPA (FPA 20-30K colder than
Gaia with comparable dissipation), the baseline design considers a large external
radiator with view factor to deep space.

5.8.3.1 Temperature Requirements

The temperature requirements for the PLM are shown in Table 5-13. The table shows
the subsystem requirements with a 15K margin to size the radiators and heater powers.
The decontamination temperature is 193 K (the same as forGaia) for the detectors and
mirrors of the PLM and is used to size the decontamination heater power.

Note that non-operating temperature limits have not been defined for the detector and
de-spin mirror mechanism. To be conservative the operating range is used to size the
heater power.

In addition, the detectors have a temperature stability requirement of +/ -5mK.
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Requirement Radiator and Heater Sizing Heater Sizing
: Non- Margi : Non- Decontamination
Case Operating Operating . Operating Operating
Subsystem Max Min Max | Min + - l\/)l(a Min | Max Min I\[/Ilgx
(K] [K] (K] (K] (K] k) | K] K (K]
193
Detectors 140 130 140 130 15 125 | 115 | 125 115
FEE + DPU 293 283 303 273 15 278 | 268 | 288 258 N/A
Mirror 193
Mechanism 140 130 140 130 15 125 | 115 | 125 115

Table 5-13: Temperature requirements for the PLM subsystems
5.8.3.2 Dissipation Requirements

The summary in Table 5-14 shows the dissipation of the PLM during each mode of S/C
operation. Red and blue indicate dissipation at the hot and cold regions of the PLM
respectively. The detectors dissipation has a 100% margin included to account for
parasitic heat loads and modelling uncertainty.

Case / LM SAM SM DM OCM ST™M
Subsystem N O L

Detectors 65.7 65.7
FEE 60.0 60.0
DPU 40.0 40.0
Mirror Mechanism 0.5 1.02

Table 5-14: Dissipation for each subsystem in each S/C mode
5.8.3.3 PLM Thermal Concept

The thermal concept for the PLM is outlined in Figure 5-64 showing the main sources of
heat and the main heat rejection paths via radiators to deep space.

—v—  Heaters
——————— MLI

............ Harness

\ Thermal Straps

Thermal Screen

Heat pipe / radiative baffle

P — » Thermal Decoupling
L. Radiation
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i Heat :
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Deep Space

Figure 5-64: PLM Thermal Concept representing main dissipations and heat paths
5.8.3.3.1 Cold Region
The cold radiator area has beensized at: 6.0 m2
Radiator emissivity considered as: 0.8

The PLM will be mostly cold at around 140 K to accommodate the operating
temperature requirement of the detectors. The main heat path connects the detectors
directly to the large cold radiator via thermal straps. A gradient of 15 K is considered
between the detectors and radiator. The main quantifiable heat loads to be rejected on
the detectors are:

1 Internal dissipation of the detectors (300mW p er detector = 18W)

1 Conductive heat through the electrical harness to FEE
(1.5mWIK per detector considering a dT of 155 K gives 14 W)

In addition, the main parasitic sources of heat should be evaluated by thermal analyses:
1 Multi -reflections and radiative heat sources in the PLM environment
1 Conductive heat loads through structural couplings
1 Losses through MLI and thermal screens
1

Reduction of radiator radiative exchange factor to deep space due to the
proximity of the rear of the Sun shield.

As a result, the radiator is sized with a 100% margin on the quantifiable cryogenic heat
load, typically considered at early study phasesRD[15] RD[16].
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The cold end is thermally insulated from the hot end with the use of a thermal screen
with small gaps for the detector harnesses. This screen may consist of two parallel
aluminium plates separated by a perforated SLI for the FPA harness.

5.8.3.3.2 Hot Region

The hot radiator area has beensized at: 0.4 m?2
Radiator emissivity considered as: 0.8

Note: Radiator sizing has been performed for 1W per FEE read out channel, this value
has since evolved t00.5W giving a total FEE+DPU dissipation of 70W instead of
100W (baseline). The current baseline design will now be more conservative.

The hot region of the PLM will house the Front End Electronics (FEE) and Data
Processing Unit (DPU) which must be placed in close proximity to the detectors. These
electronic units are chosen to operate in the same temperature range from 20-30 °C due
to the following constraints:

1. A higher radiator temperature results in a better heat rejection capacity (100 W
required) of th e hot radiator. This will result in a small radiative area compared
to a lower operating temperature.

2. The minimum qualification temperature limit of the DPU electronics is -40 °C.
5.8.3.3.3 Radiators

The cryogenic radiator of 6 m2 is currently considered to consist of a 3 mm thick
Aluminium series 6 (improved thermal conductivity) plate with a reinforcing rib
structure, either directly milled from a thicker plate or welded on the plate. A hold -down
release mechanism is taken into account in the baseline design giventhe size of the
radiator. This simple solution is chosen given the relatively low heat flux on the FPA of
32 W.

In case a significantly larger heat flux would occur, the radiator panel would probably

require either brazed heat pipes on it, or consist of ahoneycomb panel with embedded
heat pipes, to improve its in-plane thermal conductance and decrease the temperature
gradient over the radiator. However, honeycomb panels with embedded heat pipes at
such low temperatures are not currently qualified.

The warm radiator has been designed similar to the cold radiator, however with an
ammonia heat pipe brazed on it. Its smaller size of 0.4 m2 favours a simple
configuration, even if the heat flux is higher, of 100 W. In case a larger warm radiator
would be required a lighter solution would be to use a honeycomb panel with embedded
heat pipes, which is readily available for the ambient temperature range.

5.8.3.34 Heat transport

Due to the high heat rejection 100W and long distance to the hot radiator, thermal
straps are not considered the baseline heat transport method. Instead, either a radiative
baffle design or the use of ammonia heat pipes is considered. The radiative baffle would
provide a heat path to a sink with a view factor to deep space. This would be a simpler
solution without the need of heat pipes and their AIT constraints, but might be difficult
to accommodate in the PLM structure.
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Alternatively, the use of the ammonia heat pipes will allow the removal of the heat to a
radiator over a longer distance with a relatively small thermal gradient. The Ammonia

Heat Pipe will likely have to be redundant and has a minimum operating temperature of

-40 °C, and a minimum non-operating temperature of -50 °C, to stay clear off the
ammoni adbs fr e-@ZC.nThe hpad ppar gshould be integrated in a horizontal
position to allow proper functioning on ground for AIT purposes. Otherwise, the
condenserodos | owest point wil/l have to be h
work in re -flux mode.

On the cold region, thermal straps are considered, given the low heat flux of 32 W which

is distributed by 6 thermal straps, made of Aluminium foil in series 1000x with 5N of

purity. This configuration has a higher thermal conductance at the given temperature

range than copper straps. A common value of 0.5 W/K is considered for each thermal
strapds overal/l t her mal conductance. A hi
mass) could be attained by employing Pyrolitic-Oriented Graphite straps (POG),
however they have a lower TRL in Europe and may pose contamination issues.

5.8.3.35 Insulation Warm Region

The Warm region, containing the FEE and DPU is thermally insulated from the
remaining cold PLM, via MLI shielding and via mechanical stand -offs providing thermal
decoupling (use of glassfibre reinforced plastic such as G10 or SGlass). The part that
faces the FPA, given its low clearance of only 100 mm and all the harness in the middle
may pose a challenge for MLI installation. In case MLI is not possible to install on both
sides, a thermal screen consisting of a perforated aluminium sheet (providing passage
for the harness) and a low emissivity coating on both sides together with SLI on each
side may be used. However this is subject to a more detailed design.

58.34 Heaters

Fluctuations on FPA, FEE and DPU dissipations will be compensated by the use of open

loop control heaters to remain in a steady state case and mitigate temperature
fluctuations . All the heaters on the PLM, namely the ones on the cold radiator and FPA,

will also be used for decontamination, which is the sizing case for the heater installation.

A summary of the PLM6s hdable®lhs usage i s pre

Location Operation Decontamination RENERTS

Detectors Yes, Open loop* Yes *Compensation
heater power

Mirrors Yes

FEE + DPU Yes, Open loop* No *Compensation
heater power

Mirror Mechanism Yes Yes

Hot and Cold No Yes

Radiators

PLM structure and No Yes* *feedback from Gaia

thermal tent decontamination
team

Table 5-15: PLM heaters operation and decontamination use
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5.8.3.5

For most parts of the PLM, regular thermistors with a precision of +/ - 0.1 K may be
used. However, given the high temperature stability required of +/ - 5 mK, a high
precision of about 0.1 mK will be required. Solutions employing an AC bridge with a
Platinum RTD (PT100 or PT1000) can have drifts as low as of 10 ppm/C, which is one
order of magnitude lower than the 0.1 mK considered above.

Thermometry

An additional issue will be regarding the option of having either absolute or relative
measurement precision. For absolute precision, the thermistors will require the
calibration and the internal standard
lifetime, which might be difficult. A relative precision however, should prove sufficient
to verify temperature stability.

5.8.3.6

The rotating mirror mechanism is estimated to dissipate up to 1W into a critical region

of the PLM. The mirror must also be kept a temperature sub 140 K. This dissipation
must be carefully considered as it could degrade the thermal stability of the mirror and
have a secondary effect as a heat load seen on the detectors. The baseline design is to
radiate the generated heat towards the top deck of the SVM thermal tent with a fixed
radiative surface. The top of the SVM tent will be at a lower temperature with a view
factor to deep space. The top of the SVM tent external surface should have a higher
emissivity coating to improve its heat rejection capability and lower its temperature.

5.8.3.7

The summary in Table 5-16 shows the heater powers required to keep the individual
subsystems above there minimum temperatures in each S/C mode. The heater powers
presented include a 20% design maturity margin. The sizing case is the
decontamination mode with a total of 438 W required to heat up the PLM to the
decontamination temperature.

resi sto

Mirror Mechanism Thermal Control Concept

Heater Power Sizing

In case the decontamination temperature requirement evolves to a higher temperature,
the power sysgem may become unbearably large in order to keep the cryogenic radiators
at these higher temperatures.

A solution in the TCS could be to use a thermal cutoff provided by a methane heat pipe
linking the FPA to the cryogenic radiator, which would reach its critical point at 191 K
and above that would stop its circulation.

Case / LM SAM SM DM OCM STM
Stbsystem W | w | w | w | w | W

Detectors 71 71 71 407 5 5

FEE 67 67 67 15 6

DPU 45 45 45 10

Mirror Mechanism 1 1 1 6

Total 183 183 183 438 16 15

Table 5-16: PLM Heater Power Sizing per S/C mode

ESA UNCLASSIFIEDT Releasable to the Public




k\\ _
\\&- esa CDF Study Repor%&g%i%g

page 105 of 284

5.8.3.7.1 Mass budget

The mass budget breakdown is summarised in with the margin applied to each item.
The margin philosophy has been iterated with the system engineering team.

Item Mass [kg] Margin Estimated
Mass including
margin [kg]

Radiator (HOT = 0.4m 2+ COLD = 6.0m?) 51.7 20 % 62

Heaters / Thermistors + harness 0.95 5% 1.0

Paints and coatings 1.0 5% 1.1

Thermal straps / links 1.1 1.3

. . . 20 %

Ammonia heat pipe to hot radiator 7.2 8.6

MLI on Torus (Gaia assumption) 4.3 4.5

MLI + SLI on FPA ( Gaiaassumption) 3.0 5 0% 3.1

Thermal Screens (Gaia assumption) 34.6 36.3

Miscellaneous 0

(doublers [ fillers / tapes / grounding) 8.6 5% 9.0

Total 1125 126.9

Table 5-17: PLM Thermal Mass budget

5.8.4 List of Equipment

The following is a list of equipment associated with the PLM thermal subsystem:
1 6 m2Cryogenic Radiatori Aluminium Plate with reinforcing ribs
T 0.4 m2Warm Radiator 1 Aluminium Plate with reinforcing ribs, or radiative

baffle
1 6x Flexible Thermal Strapsi Al umi ni um foil series 1000x
T MLI T On inside of radiators, on all PLM thermal tent and also on warm region

FEE+DPU

1 Ammonia Heat Pipe i From Warm region to warm radiator
1 Heaters: 438 W installed
1 Thermistors: Regular ones and high precision ones for the FPA

All proposed Thermal Control System hardware is of TRL 9 and of passive nature.

5.85 Options

Heat transport method:
1  Warm region (FEE+DPU) mounted directly on radiator
1 Radiative baffle.
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eSa

Decontamination
1 Gaiathermal design requirement 300 K RD[17]

Note: That during Gaiaflight, decontamination campaigns of up to 193 K were
performed.

I Baseline decontamination at 193 Ki > 440 W
If higher decontamination T required (> 193 K ):
 Point radiator towards Sun

1 Methane heat pipe for detector to cold radiator link
Conduction reduced due to fluid at critical point (191 K) i results in less heater
power.(example on Sentinel 5p).

5.8.6

Technology Requirements

The following technologies are required or would be beneficial to this domain:

Included in this table are:
1 Technologies to be (further) developed

1 Technologies available within European non-space sector(s)

1 Technologies identified as coming from outside ESA member states.

Equipment Technology Suppliers and Technology from Additional
and Text TRL Level Non -Space Information
Referen ce Sectors
Thermal Strap | POG  Graphite | CASA, Absolut Not baselined,
Thermal Strap System, Thermacore would bring
(US) TRL 3 improvement
Cryogenic Cryogenic Eurocomposite, Not baselined,
Radiator Honeycomb EHP, TRL2 could be required
panel with if cryogenic heat
Embedded load rises
Ethane Heat dramatically
Pipe
Thermistor High Precision MicroK Precision | 0.03 ppm/C
Thermometry Thermometry
Bridge, by ISOTECH
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6 SERVICE MODULE

6.1 SVM Configuration

The GaiaNIR spacecraftconsists of a Payload Modue (PLM), a Service Module (SVM), a
thermal tent and a Deployable Sunshield Assembly (DSA), which enables to protect the
satellite from the thermal variations due to the in-orbit Sun environment.

Figure 6-1. Gaia-NIR spacecraft orbit  al configuration

GAIA_NIR_Thermal_tent|

GAIA_NIR_PLM

,,,,,,

GAIA_NIR_SVM

Deployable Sunshield Assen

Figure 6-2: Gaia-NIR Spacecraft main element s
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The oconfiguration of the Service Module and the Deployable Sunshield Assembly are
explained in this chapter.

6.1.1 Requirements and  Design Drivers
6.1.1.1 SVM Requirement

Sub System Requirements
Req. ID Statement Parent ID

CFG-010 The SVM design is derived from the Gaia SVM design
Optimise the mass with respect to stiffness, strength, radiation,

CFG020 and functional requirements
Interface to the launcher vehicle adapter with a standard I/F
CFG-030 . )
ring of 1666mm diameter
Interface with the PLM optical bench by means of two parallel
CFG-040 sets of bipods to carry the launch loads and in-orbit loads on 3
points I/F
CFG-050 Interface with the PLM tent structure

CFG-060 Provide integration of DSA

Provide spacecraft power through solar array. The fixed solar
array is placed around LVA interface and if needed, the

CFG070 deployable solar panels shall be fitted to the deployable
sunshield assembly
CEG-080 Provide support to the chemical- and micro-propulsion
subsystem
Provide all spacecraft equipment with all re quired mechanical
CFG-090 ;
thermal and harness interfaces and resources
It shall guarantee an adequate mechanical and thermal
CEG-100 environment throughout their operating life and ensure that its

thermos-elastic distortion is kept within acceptable limits for
the PLM instrument to meet its scientific requirement

CFG-110 Comply with launcher frequency requirement
CFG-120 Accommodation and access to equipment

6.1.2 Assumptions and  Trade -Offs

The SVM of Gaia is used as a reference to design SVM of5aiaNIR. Due to a larger
overall dimension of the Gaia-NIR optical layout, outer dimension of the SVM of Gaia-
NIR becomes largerthan the one from Gaia.

6.1.3 Baseline Design

The SVM design is a generic spinstabilised spacecraft with a central cone. The central
cone has 1100mm height. It contains the lower I/F ring providing the interface to the
1666 SF launch vehicle adapter.
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Figure 6-3: Service Module

Central Cone:

The Central Coneconnects the PLM interfaces at the upper rim to the Launch Vehicle
Adapter (LVA) at its lower interface. Its lower interface requires a rigid ring to comply
with LV requirements. Special attention has to been paid also to the upper cone
interfaces. where all brackets and cleats have been made out of titanium to minimise
thermal distortions close to the PLM interface.

Six panels are radially attached to the Central Cone and serve as equipment support and
as stiffener for the Top and Bottom Floor. They carry the electronic units and three of
them carry additional load from the PLM three interfaces at their inner area.

Top panel :

The top panel serves mainly asa stiffener for the radial panels and the cone upper rim
and supports also the lateral load of the PLM. It interfaces to the Thermal Tent structure
covering the Payload Module on its outer rim at the connection points to the radial
panels.

Bottom panel:

The Bottom panel is a dodecagonal shaped panel to comply with the 12 frames of the
Deployable Sunshield Assembly (DSA). The DSA is not part of the SVM structure
however it supports as a minimum 8 segments of the Deployable Solar Panels. The
bottom panel carries the Solar Array on its lower sun-side surface and the DSA on its
outer upper rim. It must be not iced that the DSA axial loads are fully taken by the
Bottom Panel since the DSA upper attachment to the Thermal Tent structure supports
only the radial and tangential load component. The inner rim of the Bottom Panel is
attached to the Central Cone. It cantains 6 man holes to get access to the units after
individual removal of the SAP's.

Secondary Structure:

The Phased Array Antenna (PAA) Plate is located inside the Central Cone close to the
LVA interface ring.
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The CPS and Cold Gas Tanks are mounted insie the Central Cone. Other CPS and MPS
equipment is located on Support Panels attached tangentially to the outer face of the
Central Cone. Those CPS and MPS panels are dismountable

DSA Ring:

The DSA ring increases the Bottom Panel outer rim axial stiffness and serves mainly as
functional structure of the DSA, when dismounted from the Bottom Panel.

PAA Plate:

The PAA Plateis a secondary structural element that carries the PAA and its electronic
units. It is attached to the Central Cone by Brackets or by aflange of the LVA interface
ring. Four cut-outs on its outer rim are needed for the CPS thrusters.

Support Panels (on cone attached):

Those panels are attached to the cone and support light weight CPS and MPS
components and the Battery. 3 half panels for PCA, MPS and battery and a full panel for
PIA are foreseen.

Tank Support structure:

A polar mounting interface has to be considered for all tanks. All tanks except the He-
Tank are oriented with the polar axis in upright position. The required tank support
structure can be attached to the upper or lower cone interface ring. A principle design of
the support structure is shown below.

Figure 6-4: Tank support structure
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SVM_Shear_panel

SVM_Bottom_panel

Figure 6-5: SVM elements

The thermal tent structure has several functions: it protects the optical bench from stray
light and contamination . It provides the thermal environment of the focal planes & the
stability of the optical bench from sunshield remaining thermal variations. Its structure

supports the stowed sunshield during launch and enables handling of the complete

spacecratft.
’\/ P

Figure 6-6: Thermal tent protection
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6.1.3.1 GaiaNIR S/C Dimensioning

GAIA - Stowed Sunshield

a7.cATP

GAIA NIR - Primary Mirror

GAIA - Thermal Tent

Figure 6-7. Gaia-NIR optical layout

GaiaNIR has a different optical layout then the one on Gaia. The Gaia spacecraft overall
design need to be adapted to accommodateGaia-NIR payload as follow:

1 Larger Optical bench torus outer dimension
1 Larger diameter of the thermal tent namely d = 3800mm instead of 3240mm
1 Larger diameter of stowed Sunshield namely d= 4330mm instead of 3800mm

o0 keep the same distance between outer diameter ofGaiathermal tent and inner
surface of the sunshield in stowed configuration = 102mm

9 Larger diameter of the SVM top plate namely 3810mm instead of 3250mm
1 Larger diameter of the SVM bottom plate.

6.1.3.2 Sun Angle Calculation

a0

Snapshot of LGAIA_NIR_2017:cad_models\CDRSVMGAIA NIR_SVM_Sunshield_v2.CATPar - 22/10/2017 15:07:08

Figure 6-8: Gaia-NIR DSA - Sun angle
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GaiaNIR Sun aspectangle is calculated using following parameters:
9 Thermal tent diameter of 3.8m
1 S/C total height of 2.5m
1 DSA deployed diameter of 10.8m (same asGaia)
)l

increase the spin axis w.r.t. the Sun (Sun aspect angle) from 48 (Gaia) to 55°
(improve science- astrometric performance)

1 accounting for a ~3° AOCS margin
1 0.53° Sun width to mitigate straylight issues
This results in a Sun aspectangle of ~51°

Table 6-1summarises the main dimension difference between Gaia and Gaia-NIR:

Gaia Gaia-NIR
Sunshield stowed diameter 3.8m 4.33m
Sunshield surface area (one segment) 2.054m?2 3.568m?
Thermal tent diameter 3.24m 3.8m
Thermal tent surface area 10.861mn? 10.885m?
SVM top plate diameter 3.25m 3.81m
SVM surface area at the bottom 7.2m?2 11.292n?

Table 6-1: Gaia and Gaia -NIR comparison table

6.1.4 Overall Dimensions

4242

3398
3614

%’hw Y

.
1666

4120

Figure 6-9: Side view - Gaia-NIR Overall dimension of stowed configuration
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Figure 6-10: Top view - Gaia-NIR Overall dimension of stowed configu ration
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Figure 6-11 Side view - Gaia-NIR Overall dimension of deployed configuration
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Figure 6-12: Topview - Gaia-NIR Overall dimension of deployed

configuration
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6.2 SVM Structures
6.2.1 Requirementsand Design Drivers
SubSystem Requirements
Req. ID Statement Parent ID
STR-010 The GaiaNIR PLM structure shall exploit commonalities with |\« e
the Gaia spacecraft as much as possible.

STR-010: Mission requirement MIS -050 states that the cost to ESA shall not exceed
550 M0 [ 2TDhé flojv down of this requirement onto the structures domain means

that the Gaia design heritage shall be reused as much as possible which obviously is

limited to carry ing-over the overall design principle and therewith the lessons learned

during qualification and operation of the Gaia spacecratft.

6.2.2 Baseline Design

The design of the GaiaNIR service module (SVM) is closely derived from the Gaia SVM,
maintaining the top plate, the bottom plate connecting cone and six shear panels. As
shown in section 5.6 (PLM Structures) the GaiaNIR spacecraft body diameter is 3.8 m.
This applies to the SVMs top plate and the thermal tent, the bottom plate is larger in size
than, it has to support the sunshield, which in stowed configuration surrounds the

thermal tent with sufficient clearance, see Figure 6-13. While GaiaNIR has a larger

diameter than Gaia, the PLM of GaiaNIR has less height thanGaiad s P L M, t he

module height remains the same, see alsolrable 6-2.

GAIA GAIA NIR Ratio
SVM & PLM height 2994.6 2500 83.48%
Thermal Tent height 1864.6 1370 73.47%
SVM & tent diameter 3240 3800 117.28%
Baseplate diameter 3800 4265 112.24%

Table 6-2: Gaia and GaiaNIR SVM dimensions
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Figure 6-13: Service Module structure with propellant tanks
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Figure 6-14: Gaia spacecraft body dimensions

The GaiaNIR SVM mass budget is compiled from the Gaia mass budget, scaling the
element masses according to the changes in size. This iperformed in Table 6-3, while

the thermal tent cylindrical surface is reduced due to the shorter spacecraft body, its top
surface grows with the square of the radiusi ncr ease. Similarly, t
floor rintpblgaBnebdovndi hower plate (Abottom f 1l c
equipment panels scale with their respective surface area increases.
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Thermal Tent Structure 83.70 79.819
Primary Structure 77.894
Lateral Panels 1 53 -14% 45.672
- openings 1 9 0% 9.000
Top Plate 1 19.8 17% 23.222
Secondary Structure 1 1.925 0% 1.925
SVM Structure 349.80 339.016
Primary Structure 236.380
Top floor ring panel 1 27.849 38% 38.308
Bottom floor ring panel 1 42.277 26% 53.257
DSA panel ring 1 10.446 0% 10.446
Stiffening struts 1 8.752 0% 8.752
Antenna panel 1 19.453 0% 19.453
Central cone 1 54.753 0% 54.753
LVA I/F ring 1 15.627 0% 15.627
Radial equipment panel 1 1 2.095 38% 2.882
Radial equipment panel 2 1 4.19 38% 5.764
Radial equipment panel 3 1 4.19 38% 5.764
Radial equipment panel 4 1 4.19 38% 5.764
Radial equipment panel 5 1 4.29 38% 5.901
Radial equipment panel 6 1 4.19 38% 5.764
Support equipment panel 1 1 1.042 0% 1.042
Support equipment panel 2 0 0 0% 0.000
Support equipment panel 3 1 1.741 0% 1.741
Support equipment panel 4 1 1.164 0% 1.164
Support equipment panel 5 0 0 0% 0.000
Support equipment panel 6 0 0 0% 0.000
Secondary structure '92.649
Brackets, hard points, reinforcem., GR etc 1 55.071 0% 55.071
Tank support 1 37.578 0% 37.578
Miscellaneous 0.987
Micro-Thruster Protection & RCT Plume S 1 6.359 0% 6.359
Top Floor MLI Bar & Stand-Offs 1 3.628 0% 3.628

Table 6-3: GaiaNIR SVM structure mass estimation

6.2.3 Technology Requirements

No technology developments for structural subsystems required.
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6.3 SVM Mechanisms

6.3.1 Requirements and Design Drivers

Req. ID Statement Parent ID
MECH-090 The _GalaNIR Service Module shall have a deployable
sunshield

Requirements and Design Drivers for the service module are inherited from Gaia
mission. A sun shield shall be deployed to allow for the instruments to operate.

1. Assumptions and Trade  -Offs

1 The Gaia sunshield deployment mechanism technology is available

The Gaia sunshield deployment mechanism technology is suitable for deploying the

2 sunshield required for GaiaNIR

6.3.2 Baseline Design

The baseline design for the GaiaNIR service module contains one mechanism which is
used to deploy the sunshield. As the sunshield has a similar size and layout as for the
original Gaia mission, and considering the considerable development and test work
performed at that time for this item, it is recommended to take advantage of the
experience in place and reuse it. Due to that, no further iterations have been done on
this mechanism for the CDF-Study.

LGA 3

DSA Hinge
Mechanism

SVM Screen
Radiator

——— 7\

L/

SVM Side
Walls MLI

Zb Figure 5-5 GAIA SVM isometric view

Figure 6-15: Gaia DSA Deployment Mechanics
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The Gaia Deployment Sunshield Assembly (DSA), developed by Sener (E), provides a
stable and continuous shadow environment to the SVM and PLM of the satellite. The
DSA is composed by 12 rectangular petals joined by 12 triangular sctors to form an
almost circular plane around the base of the spacecraft. The difference of temperature
between the sunside layer and the shadowside layer is around 150° C.

In working configuration the DSA is a flat circle of about 10.200 mm diameter. Due to
the geometrical constrains of the rocket fairing, for launch purposes the sunshield was
folded into a dodecagonal prism configuration around the thermal tent, to fit into the
fairing diameter of 3.800 mm.

Each petal is formed by a structural frame (H shaped) composed by CFRP tubes joined
by metallic fittings bonded to the tubes.

The thermal function of the DSA is achieved by two layers of thermal foils: sun side foil
and shadow side foil designed to meet the thermal requirements. These foils are kept in
place by special tensioning devices which maintain the thermal insulation in a
controlled manner once the item is deployed.

I n the centre of the H shapeds intermediate t U
fixed to the S/C through the Hold down and release mechanism.

The structural frames are hinged at the base (two hinges per frame), attached to a ring
assembled over the base of the SVM. The hinges perform the deployment function by
means of loaded springs. The 12 frames are joined at the hinges asi via flexible
couplings, composing a single shaft loop in order to achieve a synchronous deployment
when the deployment is triggered.

The deployment is controlled actively by two DSA actuators. Each of these actuators are
based in an actuator and a FourBar Linkage Mechanism that brakes or provides

actuating torque to ensure the 90 degree deployment of the DSA. In order to control the

actuators, a motor driving electronic system per actuator is required to apply the

electrical inputs to the motor windings to run proper steps. These electronics apply
required inputs to the actuators by means of a specific actuator harness.

Characteristics:

1 The sunshield provides thermal insulation from solar radiation of several orders of
magnitude. Of a total of 1400 W/m2 of solar radiation, only 5 W/m2 reaches the
telescope with a uniformity of 20 milliwatts/m2.

1 The total weight, including the electronics, is 125 kg, and it consumes less than 20 W
in the course of the 4 minutes of deployment.

1 The sunshield's structure secures solar panels, as well as the thermal protection,
delivering great dimensional stability with deformations of less than 0.05% in a
temperature range of 150°.

91 Besides their insulating capacity, the thermal protections, arranged in two layers of
multi -layer insulation (MLI), include novel fixation systems. Their design permits
in-orbit deployment, from undeployed to deployed configuration, in a unique design
that allows their volume to be compacted by a factor of 12.

1 The mechanisms include a combination of well-tested elements, such as Sener's
actuator HDRA, with other newly design elements, such as the flexible connectors
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that synchronize deployment, the thermal protection tensors that reduce
deployment resistance, or the actuator's coupling mechanism, which determines the
motoring profile throughout deployment.

Another mechanism which is inherited from Gaia is represented by the bipods struts,
which connect the payload module and the service module. They are constituted by a
structural link which is require d to offload the launch loads, and by a thermal link which
is needed to minimise the heat transfer from the warm service module to the payload
module. After launch the structural link is released via hold down mechanisms, allowing
for a reduced heat transfer.

Release
Mechanisms

Release
Mechanisms

Launch Strut in
open position
In-Orbit Struts

Launch Strut in
closed position

————)
to centre of S/C

Figure 6-16: Gaia launch and in orbit bipods

In addition to the above mentioned mechanisms, for which Gaia heritage can be heavily
taken into account, hold down systems for the 2 baselined radiators shall be addressed
for GaiaNIR study. Considering the size of the radiators, it is deemed necessary to
allocate 2 HDRMs each to sustain loads during launch. Acknowledging the wide use of
these kind of mechanisms and assuming for this application the selection of an NEA
device, the allocated mass per mechanism including brackets is 5 kg with 20% margin.
This technology is considered well mastered and does not require any preparatory
development activity.

6.3.3 List of Equipment

SVM (Service Module) 190.00 6.58 202.5
Dep_SSH (Deploayble Sunshield) 134.00 5.00 140.70
Rad_HDRM (Radiator Hold Down and Release 20.00 20.00 24.00
Mechanism)
L_Bpod (Launch Bipods) 36.00 5.00 37.80

Table 6-4: SVM Mechanismés | ist of equipr

6.3.4 Options
No option has been identified at this stage of the project.
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6.3.5 Technology Requirements

The following technologies are required or would be beneficial to this domain:
Included in this ta ble are:

Technologies to be (further) developed

Technologies available within European non-space sector(s)

Technologies identified as coming from outside ESA member states.

Equipment | Technology | Suppliers and Technology Additional

and Text TRL Level from Non - | Information

Reference Space Sectors

Sun shield | Active SENER (E), 7 - Delta

deployment | deployment qualification

mechanism | system might be
needed due to
resizing (TBC)
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6.4 SVM Propulsion

6.4.1 Requirements and  Design Drivers

There were no specific requirements or design drivers identified for the propulsion
system.

6.4.2 Assumptions and  Trade -Offs
6.4.2.1 Assumptions
The table below lists the assumptions:

Assumptions

1 Similar design as for Gaia, where possible; (architecture: two tank bipropellant
system, twotank cold gas system for accommodation reasons).

Gaia components where possible.
Thruster pointing and therefore geometrical efficiency as for Gaia.

Bipropellant thruster Isp = 291 s (S10-18).
Cold gas propellant thruster Isp as in Gaiaand defined by the AO GNC domain.

a b~ W DN

Table 6-5: Propulsion assumptions
6.4.2.2 Trade offs
The following trade -offs were carried out during the course of the study.
6.4.2.2.1 Monopropellant vs Bipropellant System

During the study, several mission options have been addressed, each with their own set
of velocity increments. Therefore initially a monopropellant system seemed feasible and
was most mass efficient. However, the larger orbit insertion velocity increment t hat was
confirmed for the baseline design option, indicated that a Bipropellant system would be
the most mass efficient.

The trade-off results are listed below in a simplified way for a dry mass reference mass
Gaia-like. Since the dry mass only increased, the result (selected biprop system)
remained valid.

Simple trade off results:
1 361 kg fora MON MMH bi-prop system
1 435 kg for a Hydrazine mono-prop system.

Accommodation of the bi-propellant system, as well as thecold gas system, drovethe
configuration towards a 2-tank architecture (normally a 4 tank system is selected to
keep the CGentre of Mass (CoM) on the centre line of the S/C). This is in line with the
Gaiaapproach.

6.4.2.2.2 Exact geometrical efficiency or average geometrical efficiency

Due to the thruster arrangement and pointing on the S/C, a 100% geometrical efficiency
can not be achieved during thrusting.
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As a first conservative approach, the average geometrical thrusterefficiency of the Gaia
mission was used to calculate the propelant required for each manoeuvre, which gives
acceptable results for a pre phase A study.The thruster geometrical efficiencies were
taken from RD (1) and can be found in Table 6-6.

Table 6-6: Propellant load when using average geometrical efficiency of thrusters

During the study, the thruster pointing was selected to be identical to the Gaia
configuration, so the geometrical efficiency is assumed to be the same as for theGaia
mission for each delta-v manoeuvre. The eact geometrical efficiency gave the more
accurate results and was therefore used. For deltav manoeuvres, where no geometrical
efficiency from the Gaia mission was available, the average of 63 % geometrical
efficiency was used. The popellant load when using average geometrical efficiency of
thrusters can be found in Table 6-7.

Table 6-7: Propellant load when using exact geometrical efficiency of thrusters

6.4.3 Baseline Design
6.4.3.1 Chemical Bipropellant System
The architecture of the MON MMH propulsion system is identical to that of Gaia.
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