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ABSTRACT

Ariel (Atmospheric Remote-Sensing Infrared Exoplanet Large Survey) is the fourth medium-class mission (M4) 
of the ESA’s Cosmic Vision Program. Its launch is planned for 2029. Ariel will observe a large and well 
selected sample of transiting gas giants, neptunes and super-earths around a wide range of host star types, 
with the objective to study planetary atmospheres and to understand composition and evolving processes of the 
planetary systems. A Structural, Thermal, and Optical Performance (STOP) analysis is conducted at Payload 
level to estimate the thermo-elastic induced degradation of the system performance for a number of selected 
environmental load cases. In particular, this document presents the general approach followed and the results of 
the optical design analysis performed to predict the performance of the Ariel Telescope Assembly for the in-flight 
operational cases during Cycle C-1.

Keywords: Ariel mission, STOP Analysis, Cassegrain Telescope, Aluminum mirror, Planet atmospheres

1. INTRODUCTION

The Atmospheric Remote-sensing Infrared Exoplanet Large-survey (Ariel) mission has been adopted by ESA as 
M4 mission in the framework of the ESA 2015-2025 Cosmic Vision Program. Its launch is planned for 2029. Ariel 
will observe a large and well selected sample (∼1000) of transiting gas giants, Neptunes and Super-Earths around 
a wide range of host star types, with the objective to address the fundamental questions on what exoplanets 
are made of and how planetary systems form and evolve.1–3 Ariel will perform primary and secondary transit 
spectroscopy in the 1.10 to 7.80 micron spectral range and broad-band photometry in the Optical (0.50 - 0.80 
micron) and Near IR (0.80 - 1.10 micron) ranges with an off-axis Cassegrain telescope having a 1.1x0.7 m primary 
mirror and two main instruments AIRS, the Ariel Infrared Spectrometer, and the Fine Guidance System (FGS).
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A Structural, Thermal, and Optical Performance (STOP) analysis is conducted at Payload level to estimate
the thermo-elastic induced degradation of the system performance for a number of selected environmental load
cases. In particular, this document describes the general approach followed and shows the results of the optical
design analysis done to predict the performance of the Ariel Telescope Assembly (including the Bipods Model
and the Service Module Interface) for the in-flight operational cases during Cycle C-1.

The Ariel STOP analysis is performed by a team of institutes across the Ariel Consortium4 and the respon-
sibilities are allocated as shown in Table 1.

Table 1. Distribution of the different responsibilities for the Ariel STOP analysis.

Institution Responsibilities

Space RAL Case Definition.

Management and overview of cycles.
Maintains payload optical model and assess Com. Optics displacements.
Maintains CAD and FEM configurations.

INAF Flight case performance analysis.

Payload thermal analysis.
Telescope optical model management.

CSL Ground case performance analysis.

UPM STOP FEM analysis.

Telescope mechanical and thermal model management.

2. WORKFLOW OVERVIEW

Different Cycles (or analysis runs) are generally completed before a payload review. For each of the cycles
a controlled number of changes are made to all of the involved models (CAD, Finite Element Model (FEM),
Thermal Mathematical Model (TMM), Optical, Performance) to allow the latest stage of the payload design to
be incorporated.5–7

At each cycle, a number of Cases are defined to identify key scenarios to be analysed. Moreover, specific
operational In-Flight cases and Ground test cases have been selected as a verification between the analyses
presented by INAF and the analysis made by CSL. A summary of the in-flight cases for Cycle C-1 is given in
Fig. 1.

3. OPTICAL MODEL

The general description of the Telescope Optical model is presented in the following. The system is an off-axis
Cassegrain telescope (M1, M2) followed by a re-collimating off-axis parabola (M3), a plane fold mirror (M4), a
second plane fold mirror (M5) and a dichroic beam-splitter (D1) that divides the beam into the FGS and IR
spectrometer channels. M1, M2 and M3 share a common optical axis, which lies parallel to the X-payload axis.
After D1, a second dichroic D2 splits the beam into the two IR spectrometer channels. The beam in each channel
is brought to a focus at the spectrometer slit by a pair of identical off-axis parabolas, M7 Ch0 and M7 Ch1. An
additional fold mirror, M6 is included in the Ch0 path.
Fig. 2 shows the Telescope optical layout along with the optical coordinate system (XOPT, YOPT, ZOPT).

The origin is located at the vertex of the parent parabola for M1. The direction of the telescope optical axis
(defined by the common M1, M2 and M3 optical axis) is parallel to the X ARIEL-payload axis. The telescope
pointing axis, or line of sight (LOS), is offset by 0.1deg with respect to the telescope optical axis to give an
accessible return beam from M3. The 50K system aperture stop (an ellipse with major axis dimensions of 1100
mm x 730 mm) is at the M1 surface. M4 is positioned to direct the beam onto the telescope optical bench such
that all subsequent beams at the centre of the field lie in a plane parallel to the tangent plane to the mirror
surface. The chief ray at the centre of the field is at 275 mm from the tangent plane to the mirror surface. The
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Figure 1. STOP analysis in-flight case summary for cycle C1.

Figure 2. Telescope-view drawing in the Yopt-Zopt plane

beam on the optical bench has its major axis parallel to the plane of the optical bench. The beam dimensions
on the optical bench are 20 mm x 13.3 mm.

Two different optical prescriptions have been defined:

• Operational Temperature Optical Model, 50K and 0 ATM.
This model is the perfect optical model as defined during the design phase.

• Room Temperature Model, 293K and 1 ATM.
This model has been scaled up from 50K for the assembly and alignment purpose at room temperature. A
293 K STOP model is generated to be incorporated into the Payload CAD.

During the previous analysis cycle, has been defined that the initial starting point for the STOP analysis
should be the Room Temperature Model. The different impacts will be assessed and compared with the initial
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performances and geometrical properties of this model.

3.1 Exit Pupil and Dummy Surface Definition

In order to track the performances during the STOP analysis, two additional elements are included in the
thermo-elastic analysis (see Fig. 3):

1. The Intermediate Pupil Stop (IPS) to represent the initial exit pupil.

2. A Dummy element to track the back of the M1 aperture centre with respect to the telescope output beam
on the Telescope Optical Bench (TOB). This dummy element is chosen to represent the M5 mirror centre
as defined in the optical design prescription. It is located at a distance from the TOB such that the vector
from IPS centre to the M5 dummy is parallel to the TOB itself (for the Room Temperature Model at 293K
and 1 ATM).

Those additional elements are materialized with aluminum blocks 50 mm x 50 mm and 10 mm thick rigidly
attached to the TOB.

Figure 3. IPS and Dummy Surface definition

4. PERFORMANCE MODEL

The work plan followed during the STOP analysis is presented in the flowchart shown in Fig. 4 and is based on
four critical steps:

• Verification step: between the FEM model and Optical model as part of the performance model. This
includes a check of the Warm Optical Model to the Cold FEM isothermal through the Sigfit software∗ and
the optical software used.

• Validation step: Two of the cases are used as a validation between CSL and INAF analysis of the Ground
and Flight Cases.

• Optical impact analysis: The FEM deformations for all the cases are imported through SigFit inside
the optical model and evaluated according to the performance metrics.

• Compensation analysis: Once the optical impacts are identified, the STOP analysis will concentrate on
the possible ways to compensated these impact and retrieve nominal performances.

∗https://sigmadyne.com/
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Figure 4. STOP analyses flowchart. For CSL: CODE V Optical Design Software (https://www.synopsys.com/
optical-solutions/codev.html). For INAF: Ansys Zemax OpticStudio (https://www.ansys.com/it-it/products/
optics/ansys-zemax-opticstudio).

4.1 PERFORMANCE METRICS

In both the flight and ground performance modelling, the following performances are tracked as outputs to be
optimised with the compensation measures.

4.1.1 WaveFront Error

The WaveFront Error (WFE) is measured and optimized for all STOP cases. This WaveFront Error is measured
at the exit pupil plane, which changes depending on the system perturbation and for all entrance fields defined:
the worst RMS value is reported. A Zernike decomposition is provided for the best compensation cases, and the
PSF is also provided in order to compute the associated Encircled Energy distribution.

The Zernike polynomial definition used in this document is described in R. Noll “Zernike polynomials and
atmospheric turbulence”, J. Opt. Soc. Am., Vol.66, No 3, p207 (1976).

4.1.2 Chief Ray Angle

In the initial design, the exit pupil will be considered as a physical diaphragm that will move during the thermal
and elastic transitions. This pupil will be defined as “Intermediate Pupil Stop” (IPS) in all the STOP analysis.
Per definition and design for the unperturbed telescope, the exit pupil matches the IPS. Per definition, the chief
ray hits the IPS plane and the Dummy (M5) surface plane at their center.

In the perturbed design the IPS and Dummy element will move due to thermo-elastic deformation. The
real exit pupil location will depend on the new optical configuration due to thermo-elastic deformation, and the
chief ray angle inside this new exit pupil plan will differ from the angle defined by the new location of the IPS
and Dummy plane. The Chief Ray Angle corresponds to the inclination of the line that goes from the point
representing the intersection of the Chief Ray at the surface IPS to the point where the Chief Ray crosses surface
Dummy M5 (see Fig. 3).

4.1.3 Pupil and Beam Shift

The IPS and Dummy surface define the new mechanical TOB after deformation. As the beam exiting the
telescope is meant to enter the next instrument by going through the M5 mirror (not defined here), the last
parameter that was defined useful to track was the spatial shift of the beam along the TOB. In particular, this
spatial shift will be useful to know the potential vignetting that can occur at the M5 mirror is all the cases.

Proc. of SPIE Vol. 13092  130924L-5



Figure 5. Random node data verification.

4.2 COMPENSATORS

In both the in-flight and ground performance modelling, the following compensation measures are available to
the analysis to recover the tracked performance, shown in the next section.

4.2.1 Operational Cases

In the thermo-elastic considered cases, the compensation analysis foresees that it will be applied in operation.
To that aim, the only physical parameters available are those of the M2 Mirror Mechanism (M2MM). The
considered ranges are those defined in the M2MM specifications:

• ±350µm transaltion along Z axis.

• ±2000µrad X and Y tip-tilt (±412.5arcsec).

These movements are applied at the M2MM movement origin, which is not located at the M2 mirror vertex.

Additionally, another compensation parameter will be the FoV offset, which is identified as an additional
offset to the initial FoV. In particular, the center field is set to hit the M1 mirror with an initial angle of 0.1deg.
This angle can be set as a variable to help with the compensation.

4.2.2 Ground Cases

For the static ground test at ambient the compensation considered is a shimming of the M2 mirror. This
compensation is considered to be applied at its vertex:

• ±3mm in the XOPT/YOPT/ZOPT direction (M2).

• In some cases, a compensation of ±2arcdeg around XOPT is introduced.

FoV compensation as defined for the Operational cases.

5. RESULTS

In the following are summarized the results for the in-flight cases at operational temperature 50K analyzed in
this document, under different configurations of the Telescope Assembly orientation.
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Figure 6. 3D layout of the uncorrected Case01.

5.1 DATA TRANSFER VERIFICATION: 50K ISOTHERMAL CASE

The first major step of the STOP analyses is to establish and verify a translation process between the FEM
analysis made by UPM and the Zemax optical design. A correct translation will ensure a correct assessment of
the optical impact. In order to do that, a simple case is defined, which could be analytically described in the
optical software. The hypotheses of this simple case are the following:

• All aluminum telescope and structure

• No bipods constraints

• Uniform temperature excursion from 293K to 50K

• Uniform CTE of 1.67593648·10−5 K−1

The analytical contraction is computed to describe the temperature transition in Zemax. The results were
compared with the equivalent case obtained by the FEM analysis and translated into optical prescription to be
used in Zemax using SigFit software. It has been established that the Axial-Sag non-Linear translation method
gives results accurate enough to assess the optical impact of FEM analysis cases.
The first verification and iterations is made analytically with random nodes verification as described by Fig. 5.

It is verified that initial surfaces and degraded surfaces are well described and sufficiently accurate between
FEM prescription and Zemax ones (see first green column below). Finally, the simple case is successfully
translated into Zemax and the comparison of the WFE maps shows a completely equivalent WFE. (Down to the
nm accuracy).

5.2 IN-FLIGHT OPERATIONAL CASES

Among the different in-flight cases at operational temperature 50K analyzed, in this work we will present in
details an example corresponding to a specific configuration of the Telescope Assembly, the other results will be
summarized in a final table.

5.2.1 CASE01: Thermoelastic at 50K

The analysis evaluates the thermoelastic deformation from initial state (reference design at 293K and with no
applied loads) to State 01 (uniform temperature distribution at 50K) with fixed Service Module (SVM) interfaces.

Proc. of SPIE Vol. 13092  130924L-7



This is one of the two cases that have been also selected to be run in parallel by INAF and CSL institutes
in order to control and validate the analysis made using CodeV (CSL) and using Ansys Zemax OpticsStudio
(INAF). The second validation analysis is done using a ground case, not described in this paper.

Inputs: Temperature and boundary conditions for this analysis are the following: Uniform temperature
distribution at 50K. No gravity load. Presence of Bipods to constrain the interfaces (fixed SVM IFs).

FEM deformation impact: The raw importation of the deformation gives the results described below in
Fig. 6. The uncorrected case is completely scrambled: the M4 Mirror back stops the beam.

Compensation: Fig. 7 shows the results with the compensation applied using both M2MM and FoV offset.
Fig. 8 shows the WFE rms for all the fields of Case01 compensated with M2MM and FoV offset.

Figure 7. Compensation Parameters with MM2M and FoV offset for Case01.

Figure 8. WFE RMS for all the fields for Case01 compensated with M2MM and FoV offset.

Fig. 9 illustrates the corresponding WFE maps (Piston, Tip/Tilt and focus removed) for Center Field in the
case of the Fully Compensated system (FC) at the exit pupil and for M1 mirror alone.

Fig. 10 below illustrates the associated Pupil/Beam (P/B) Shift, the Chief Ray Angle and the TOB Angle
at IPS for the compensation of Case01 with M2MM and FoV offset.

Finally, the application of M2M and FoV offset compensates the beam shift and retrieves the WFE at the
level of M1 values, compliant with the requirements.

Fig. 11 below gives an illustration of the PSF output for 3000nm and 500nm. This is just an output and not
optimised for during the analysis.
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Figure 9. Left: Full compensated WFE map at the Exit Pupil. Right: M1 WFE map. Piston, Tilts and Focus terms
removed.

Figure 10. Top panel: Pupil/Beam Shift (P/B) and Chief Ray Angle for Case01 compensated with M2MM and FoV
offset. Bottom panel: Telescope Optical Bench Angle (TOB) for Case01 compensated with M2MM and FoV.

5.2.2 In-Flight STOP Cases Summary

Fig. 12 presents a summary of all the compensation trials and their associated performance used during the cycle
C-1 for the in-flight STOP analyses cases. During this analysis, it has been confirmed that the thermal effects
and the bipods displacements have important impacts on the in-flight operational performances of the telescope,
although the use of the FoV and the M2MM compensators allows the TA WFE to be recovered and brought
back to the WFE values of M1 mirror.

6. CONCLUSIONS

The aim of the STOP analysis is to assess the thermoelastic impact of the operational In-Flight and Ground
test environments onto the telescope model. This document presents the results of the optical design analysis
performed by INAF to predict the performances of the Ariel Telescope Assembly for the operational In-Flight
cases of Cycle C-1. The analysis is done using Ansys Zemax OpticStudio tool. The Data Transfer Validation
process confirms a coherent analytical contraction. The different In-Flight Cases studied show important impacts
of the thermal effects and bipods displacements on the TA WFE performances.
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Figure 11. Top: PSF and Encircled Energy at 3000nm. Bottom: PSF and Encircled Energy at 500nm.
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Figure 12. STOP Cases summary – In-Flight Operational cases.
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