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Introduction

Exoplanet imagery techniques

Earth-like exoplanets detection is one of the key science goals for the next generation of astronomical instrumentation. To distinguish the faint Earth-like planet from its host star requires high contrast imagining and low angular resolution. Since the 1990s, coronagraphic instruments have been combined with Adaptive Optics (AO) system to achieve this sensitivity [START_REF] Angel | Ground-based imaging of extrasolar planets using adaptive optics[END_REF]. Current ground-based systems, such as the Spectro Polarimetric High-Contrast Exoplanet Research SPHERE [2] on the Very Large Telescope VLT and the Planet Imager GPI on the GEMINI telescope [START_REF] Macintosh | First light of the gemini planet imager[END_REF] can achieve up to 10 -6 contrast and have demonstrated direct imaging of Jupiter-sized exoplanets.

Looking to the future, the NASA led Nancy Grace Roman Space Telescope (RST), previously named Wide Field Infrared Survey Telescope (WFIRST), will incorporate the first space-based active coronagraphic instrument (CGI) for direct imaging of exoplanets [START_REF] Spergel | Wide-field infrarred survey telescope-astrophysics focused telescope assets wfirst-afta 2015 report[END_REF]. The CGI will be able to characterise the atmospheres of super-Earth planets and Neptune-like planets around nearby Sun-like stars, reaching detectable planet and star contrast ratios of 10 -9 , after post-processing at angular separations > 0.2 arcseconds [START_REF] Spergel | Wide-field infrarred survey telescope-astrophysics focused telescope assets wfirst-afta 2015 report[END_REF].

Ground-based AO systems remove speckle artefacts caused by atmospheric turbulence [START_REF] Fusco | High-order adaptive optics requirements for direct detection of extrasolar planets: Application to the sphere instrument[END_REF] [6],

whereas, the RST AO will correct the fabrication form errors within the optics and drifts incurred by either thermal or dynamic effects [START_REF] Noecker | Coronagraph instrument for WFIRST-AFTA[END_REF]. A combination of two deformable mirrors (DM) are utilised to correct both amplitude and phase of the wavefront errors. A dedicated Low Order Wavefront Sensing and Control (LOWFS/C) system, inspired by ground-based instrumentation, corrects the first 11 Zernike modes, which are mainly produced by long duration thermal drifts [START_REF] Bailey | Lessons for WFIRST CGI from ground-based high-contrast systems[END_REF]. Higher order modes, called mid-spatial frequency, are controlled via focal plane wavefront correction with the DMs to create the dark hole and maintain its high-contrast [START_REF] Pogorelyuk | Dark hole maintenance and a posteriori intensity estimation in the presence of speckle drift in a high-contrast space coronagraph[END_REF]. The high-spatial frequencies are defined outside the correction circle of the AO and are mainly caused by inaccuracies in the coronagraph masks and surface roughness errors on the optics. The Lyot coronagraphic technique used in CGI, is sensitive to the high frequencies overlapping, which directly impacts the dark hole, hiding the faint Earth-like planet signal within the noise.

Compensation can be implemented in the focal plane to limit the impact of these quasi-static aberrations, but it is preferable to limit the high frequency errors from the source: during optical fabrication. It has been demonstrated that the point spread function post coronagraphy is equal to the Power Spectral Density (PSD) of the instrument [START_REF] Dohlen | SPHERE on-sky performance compared with budget predictions[END_REF]. Therefore minimising PSD of optics is essential to reduce residual speckles in coronagraphic instrument. In this study, the optics are characterised by computing the PSD and are compared to the final image specification.

In the case of the RST CGI, off-axis parabolas (OAPs) have been used within the optical design as relay optics [START_REF] Noecker | Coronagraph instrument for WFIRST-AFTA[END_REF], this creates a compact instrument, which fits within a limited space and ensures access to the different pupil and focal planes. The OAPs are not located in the focal plane, thus their surface form errors and roughness cannot be compensated by the DMs, therefore, the OAP optical quality is crucial because it is directly transmitted to the Fourier plane and the error is double due to the reflection.

OAP fabrication and difficulties

OAPs are challenging to manufacture and measure. Often OAPs are manufactured by creating a large on-axis parabola and cutting out the required optical geometry. This technique requires large machinery for a small work piece, leads to significant waste material, and typically results in low to mid spatial frequency errors [START_REF] Magner | Fabrication and testing of off-axis parabolic mirrors[END_REF]. An alternative approach is single point diamond turning (SPDT) with computer numerical control (CNC). This technique requires a complex and very accurate positioning of the OAP with respect to the machine, which is possible via adaptive tools and results in freeform optics that can be manufactured with < 5 nm RMS surface roughness [START_REF] Wang | Adaptive spiral tool path generation for diamond turning of large aperture freeform optics[END_REF]. However, the SPDT approach produces tool marks, ripples, which significantly contribute to the high frequencies errors [START_REF] Gerth | Fabrication of Off-Axis Parabolic Mirrors[END_REF]. In a similar approach, Computer-controlled optical surfacing (CCOS) can be employed that uses an automated arm to move a polishing tool slowly upon the substrate surface [START_REF] Jones | Computer-Controlled Optical Surfacing With Orbital Tool Motion[END_REF]. CCOS is suited for large OAP workpieces, as demonstrated by R. [START_REF] Jones | Fabrication of a large, thin, off-axis aspheric mirror[END_REF] [START_REF] Jones | Fabrication of a large, thin, off-axis aspheric mirror[END_REF] and [START_REF] Kim | Manufacturing of super-polished large aspheric/freeform optics[END_REF] [START_REF] Kim | Manufacturing of super-polished large aspheric/freeform optics[END_REF] by reaching < 1 nm roughness on a large off-axis aspheric mirror. Coupling CCOS with a non-linear fluid and a predictable tool influence function provides similar roughness < 1 nm [START_REF] Kim | Rigid conformal polishing tool using non-linear visco-elastic effect[END_REF], this method has been applied to the giant magellan telescope (GMT) 8.4 m off-axis primary mirror segments.

Likewise, finishing techniques have been developed to improve the surface quality of these complex shape mirrors. MagnetoRheological Finishing (MRF) shows impressive results by eliminating damage from polishing and can smooth the RMS roughness to < 1 nm [START_REF] Golini | Magnetorheological finishing (MRF) in commercial precision optics manufacturing[END_REF] [START_REF] Supranowitz | Improving surface figure and microroughness of IR materials and diamond turned surfaces with magnetorheological finishing (MRF)[END_REF]. MRF uses a magnetically-stiffened abrasive fluid to remove damage on the surface; however, this process takes a significant duration to converge to the required surface quality. Ion beam figuring (IBF) is another deterministic method, which involves removing matter from optical surface with a stable beam of accelerated particles. Experiments show that this technique can remove surface forms errors while maintaining a very low roughness [START_REF] Allen | Final surface error correction of an off-axis aspheric petal by ion figuring[END_REF] [START_REF] Drueding | Ion beam figuring of small optical components[END_REF].

Stress polishing apply to OAP fabrication

An alternative technique for OAP fabrication is Stressed Mirror Polishing (SMP): a process first developed in the 1930s by the German astronomer Bernhard Schmidt [START_REF] Schmidt | A coma-free telescope[END_REF]. This technique applies a pressure on a mirror substrate during polishing to obtain the desired optical surface figure. Several experiments and prototypes have been undertaken, such as adapting the method using vacuum to apply the pressure to the mirror to create aspherisation plate with single zone method as E. [START_REF] Everhart | Making corrector plates by schmidt's vacuum method[END_REF] [START_REF] Everhart | Making corrector plates by schmidt's vacuum method[END_REF], or double zone method developed by G. Lemaitre et al. (1972) [START_REF] Lemaître | New procedure for making schmidt corrector plates[END_REF]. Later, the generation of single aberration modes by SMP with a minimum number of actuators is investigated by Lemaitre et al [START_REF] Lemaitre | Active optics with a minimum number of actuators[END_REF] using a novel thickness distribution at the back of the mirror and new pressure devices, such as actuators.

The investigations undertaken by G. Lemaitre have led to the development of toric mirrors at Laboratoire d'Astrophysique de Marseille (LAM) via the SMP method. In this case, forces are applied through a warping harness using only one actuator. The substrate is then polished by hand via spherical polishing and utilising a tool size with the same dimensions as the substrate to minimise surface form errors. The deformation induced by the warping harness is then imprinted upon the surface during polishing. SMP is ideally suited for high contrast imaging, as demonstrated by the three toric mirrors manufactured by LAM for the SPHERE instrument where surface roughness values between 0.2 nm RMS and 0.9 nm RMS were realised [START_REF] Hugot | Active optics methods for exoplanet direct imaging -stress polishing of supersmooth aspherics for vlt-sphere planet finder[END_REF]. A further example of a LAM SMP toric mirror was for the Hi-CAT project, where the final roughness was < 1 nm RMS [START_REF] N'diaye | High-contrast Imager for Complex Aperture Telescopes (HICAT): II. Design overview and first light results[END_REF].

To generate an OAP via SMP, Lubliner and Nelson (1980) [START_REF] Lubliner | Stressed mirror polishing. 1: A technique for producing nonaxisymmetric mirrors[END_REF] showed that an OAP geometry can be decomposed using Zernike polynomials and this led to the realisation of the 10 m diameter segmented primary mirror of Keck telescopes. The hexagonal OAP segments, 1.8 m in diameter, were fabricated using SMP by [START_REF] Nelson | Stressed mirror polishing. 2: Fabrication of an off-axis section of a paraboloid[END_REF] [START_REF] Nelson | Stressed mirror polishing. 2: Fabrication of an off-axis section of a paraboloid[END_REF]; however, twenty-four radial arms were needed to apply the deformation. In this paper, a solution to adapt the LAM toric mirror SMP technique to fabricate the RST OAPs, whilst ensuring simplicity of manufacture, is presented. This paper will outline the OAP SMP methodology and includes: the RST CGI design requirements (Section 2), the warping harness design study to generate the OAP profile (Section 3), and the prototyping phase to validate the OAP warping harness design (Section 4).

Concept and requirements

Requirements

The RST CGI is a Lyot coronagraph composed of eight OAPs; the optical design is presented in Fig. 1. The beam arriving from the telescope, located at FSM in Fig. 1, is relayed and magnified to the two DMs by OAP1 and OAP2. Then OAP3 and OAP4 relay the pupil beam to the reflective masks wheel (SPM). OAP5 focus the light at the focal plane masks (FPM) also mounted on a wheel. The reflected light is then injected to the LOWFS camera, while the transmitted light is collimated on the Lyot stop by OAP6. Then OAP7 focuses the beam on the field stop. Finally OAP8 collimates the light to the pupil plane of the colour filter. The beam finishes its course into the spectograph camera IFScam [START_REF] Tang | The WFIRST coronagraph instrument optical design update[END_REF]. Table 1 presents the geometrical specifications of the eight OAPs, including physical diameter, off-axis distance, parent radius and effective focal length.

From the sag of the conic surface, we can compute the asphericity coefficients , and thus express the sag in its local coordinates ( , ) [28] [29]. The coefficients lead to the Zernike coefficients and reveal that an OAP is primarily composed of the third order aberrations astigmatism 3x and coma 3x, as shown in Fig. 2. Trefoil 5x and higher terms are negligible in comparison and are not taken into account within the specifications. Using the parameters in Table 1, the Zernike coefficients have been computed for the eight OAPs on their clear aperture (Table 2). The local radius of curvature of the mirror, which is used during the polishing, is defined as twice the effective focal length and termed radius of polishing (RoP). In this study, the Zernike polynomials are described using the convention by R.J. Noll et al. [START_REF] Noll | Zernike polynomials and atmospheric turbulence *[END_REF]. The surface is decomposed using the first 21 polynomials. The surface form error (SFE) requirements are split into two domains. The low spatial frequency domain (LoF) SFE, defined for frequencies lower than 3 cycles per pupil (c/p), has a requirement of 5 nm RMS. The mid spatial frequency (MidF) SFE for frequencies above 3 c/p and below the AO correcting circle radius at 30 c/p, has a requirement of 2 nm RMS. The errors above 30 c/p are considered as roughness and are limited to 5 ˚ RMS. The polishing radius of curvature has a tolerance of +/-1 mm.

Error budget

The total error budget for OAP SMP is carefully considered along the simulation and experimental chains to respect the OAP and SFE requirements. The total error budget can be expressed as :

2 = 2 + 2 + 2 ℎ + 2 . ( 1 
)
and arise from an irregular mesh used in the Finite Element Analysis (FEA) simulation [START_REF] Ramos-López | Optimal sampling patterns for zernike polynomials[END_REF] [33] and the discrepancy in the interferometric phase map measurement respectively. The simulation errors are avoided by interpolating the surface shape displacement onto a Cartesian grid before the Zernike decomposition. Regarding the measurement errors, the interferometric phase map acquisitions are undertaken by a M ller-Wedel V-100 interferometer in a ISO 5 clean room environment and the final phase map is an average of 36 consecutive measurements. Following this method, the random component of uncertainty is removed and the remaining errors corresponding to the systematic errors are < 1 nm.

SMP employs spherical polishing and matches the tool diameter with that of the mirror, which avoids high frequency errors and offers a high quality surface. From in-house experience, ℎ represents < 5 nm in the error budget.

is the dominant and critical error, producing initially 1 m error. It includes errors due to the warping harness described in Section 4.1 and in particular the force positioning, the gluing interface and the screw precision. To reduce it, the warping harness was designed to absorb part of the deformation, which results in more precision via the micrometer screws on the surface errors, reducing to < 2 nm. Positioning tools and interfaces have been designed to facilitate the assembly and minimise errors. Finally, by combining the errors as per Equation 1, the total error budget is estimated at ∼5.4 nm. One fundamental condition to respect while using SMP is to not exceed the elastic yield point of the material during the deformation. This condition can be ensured during the simulations by computing the von Mises stress, which should be below 10 MPa, the Zerodur safe design bending strength [START_REF] Hartmann | Zerodur®: deterministic approach for strength design[END_REF].

Methods

Generating the astigmatism 3x deformation via SMP has been demonstrated via the fabrication of toric mirrors for SPHERE [START_REF] Hugot | Active optics methods for exoplanet direct imaging -stress polishing of supersmooth aspherics for vlt-sphere planet finder[END_REF] and Hi-CAT [START_REF] N'diaye | High-contrast Imager for Complex Aperture Telescopes (HICAT): II. Design overview and first light results[END_REF]. The astigmatic form is created using a combination of forces applied on the back of the mirror: two pairs of opposite forces as shown in Fig. 3 left, which is simple to implement with a one actuator system or two screws. The back side of the toric mirror design, developed by Hugot et al. (2011) [START_REF] Hugot | Active optics methods for exoplanet direct imaging -stress polishing of supersmooth aspherics for vlt-sphere planet finder[END_REF], is defined as a ring with a variable thickness distribution to avoid astigmatism 5x generation. Figure 3 middle shows a simplified model with a constant ring inspired from toric mirror design, which is used as a reference in this study. The part is made out a single piece of material and is defined in two sections; the dark grey corresponding to the optical mirror substrate and the light grey corresponding to the ring thickness distribution, in this case a uniform ring. The system generates astigmatism 3x as shown on the simulated displacement fringes of the optical surface in Fig. 3 right. Simulations of the deformation are performed using the FEA software PATRAN/NASTRAN. We used a tetrahedral mesh with a minimum of 80000 elements to have an accurate simulated deformation. Zerodur is modelled with a Young's modulus of 90.6 GPa, a density of 2.53 g/cm 3 and Poisson ratio of 0.24 [START_REF] Schott | Zerodur®: Zero expansion glass ceramic -catalogue[END_REF]. The model is constrained in its centre along the z-axis, in the 3 translational degrees of freedom and forces are applied on a square area on the back surface external border (Fig. 3 middle).

To generate the additional coma 3x we need to break the symmetry of the deformation process, while keeping the same combination of forces to generate the astigmatism 3x (Fig. 3 left). The ring structure on the back of the mirror is studied in terms of ring dimensions and thickness distribution to generate both coma and astigmatism components, this part is represented in light grey in Fig. 3 

To evaluate the suitability of the different models we defined three ratios: / , and / , which represent the magnitude of coma 3x, residuals and trefoil 5x all normalised by astigmatism 3x respectively. combines the first 21 Zernike coefficients except piston, tip, tilt, astigmatism 3x and coma 3x. Trefoil 5x is not desired in the OAP design, but it is readily generated within the simulations and in an amplitude comparable to that of the required coma 3x. In this parametric study, the reference is the diameter of the mirror , all the additional parameters and results are expressed as a fraction of . The deformation behaviour is linear assuming that the elastic limit of the Zerodur is not exceeded. The models can be enlarged or shrunk by homothety while maintaining the same deformation behaviour.

Pre-selection of possible shape

Starting from the reference mirror design in Fig. 3, we incorporated different thickness distributions based on the Equation 2 to the ring. The first uneven Zernike polynomial, tilt, was trialled, but it did not generate acceptable deformation. In Fig. 4, the three following uneven Zernike polynomials thickness distributions are presented: coma, trefoil and pentafoil, and for each distribution the thickness amplitude (Fig. 5) varies, from 0 to 3 /30. The geometrical description of the thickness distribution is calculated externally [START_REF] Fricker | Zernike polynomials[END_REF] and then imported within the computer aided design (CAD) software. The objective is to maximise / to cover the set of requirements presented in Table 2, while minimising and / . The amplitude = 0 represents the reference design in Fig. 3 middle, with the thickness of the The trend of the ratios is dependent upon the thickness distribution, as shown in Fig. 4. The coma and pentafoil distributions do not generate the required coma 3x, but increase the contribution of the residuals and trefoil 5x. These distributions were chosen to break the symmetry of the warping harness, but they have not generated the desired magnitude of coma 3x.

The trefoil distribution shows promising results. The / increases linearly with the amplitude up to 6.7%, and with a steeper gradient in comparison to the and / . However, the magnitudes of the and / are not negligible, and therefore, further design iterations are required to optimise the trefoil distribution.

Optimisation of the selected design

To iterate upon the initial trefoil thickness distribution, additional design parameters are investigated to minimise the unwanted aberrations and increase the magnitude of coma 3x in the warping function. Figure 5 is a 3D representation of the design with a trefoil thickness distribution, a cross section in the xz plan is performed to highlight the different parameters used in the study. Three parameters describe the ring: the depth of the central hole, the diameter of the hole and the amplitude of the thickness distribution. is central thickness of the mirror substrate.

The amplitude of the thickness distribution is fixed at 3 /30 as it generates the higher / in the first investigation, presented in Fig. 4 middle. Figure 6 highlights the change in ratios with diameter (left), depth (middle), and thickness (right). The magnitude of astigmatism 3x generated in the deformation is added as an indicator of the force required to reach the desired magnitude. A low magnitude of astigmatism 3x corresponds to a greater force required by the actuators, which is not desired due to the constraint of the elastic limit. Each of the plots demonstrate that the effect of / is approximately invariant with increasing diameter, depth, or thickness. 

right).

In Fig. 6 middle, the depth variation shows a maximum / when = . When < , the thickness distribution merges with the central thickness , meaning that the minimum thickness at the border is less than . As a result, the warping function is then affected as we can see with the decrease of / when < . By increasing the depth ( > ), the residuals are dampened by the thickness of the hole and less present upon the optical surface; however, the amount of astigmatism 3x also decreases, which means that more force is needed to reach the desired magnitude.

Different trends are observed in the ratios as a function of mirror thickness . Both / and astigmatism 3x increase sharply for decreasing , also increases but at a slower rate. However, having a high central thickness dampens the warping function, resulting in a loss of astigmatism 3x amplitude and a higher ratio than the desired / . From these observations, the optimal model should have a low , to maximise / and the amplitude of astigmatism 3x, and a high to minimise the residuals.

Design constraint due to stress

However, there are manufacturing considerations that negate the benefit of a low central thickness when considering the deformation required by SMP. For example, in Fig. 7, the von Mises stress fringes are mapped upon the mirror design with = 2 /30, where = 30 mm and with a realistic force application of 20N. The maximum stress is located at the internal diameter of the ring where a force is applied on the minimal thickness border . In this model the maximum von Mises stress is 9.21 MPa, which is below the safe design strength of Zerodur (10 MPa). In this case, decreasing the central thickness will increase the astigmatism amplitude, but exceed the safe design strength of Zerodur. Respecting the constraint on the allowable von Mises stress provides a boundary in the design of the mirror and therefore, the minimal central thickness recommended is = 2 /30. 

Final designs

From the described design investigations, the solutions to generate the OAP geometry via SMP are adapted to the RST CGI OAP requirements. CGI OAP diameters are larger than the example model, therefore the designs are scaled appropriately. In the configuration where = 60 mm, the optimal design becomes = 4 mm, = 6 mm, and = 6 mm, this model generates a / = 4.51% on the clear aperture, corresponding to a deformation between the OAP6 and the OAP7 requirement (Table 2). Starting with OAP7 requirements as a baseline, the design was adjusted to ensure the correct / and amplitude of astigmatism 3x on the 22 mm clear aperture, which gave the final , , and values of 7 mm, 5 mm, and 7 mm respectively. The final design is presented in Fig. 8 left with the thickness distribution in light grey and the mirror substrate in dark grey; the displacement fringes on the optical surface after FEA deformation are presented in Fig. 8 right.

From the baseline design of OAP7 in Fig. 8 left, similar adjustments of the model were implemented to match the specifications of the entire set of OAPs. In many cases, the design stayed in configuration = . However, in the case of larger clear aperture, was increased with respect to , taking the advantage of reducing the residuals while maintaining a constant / . Table 3 summarises the performance reached for each OAPs with their optimised , and parameters. The majority of the OAPs are in the specification for the RST CGI; however, OAP1 and OAP2 show higher residuals due to their larger clear aperture and the border effect of the warping function. Further investigations are on-going, for example: using the shape optimisation method developed by S. [START_REF] Lemared | Stress mirror polishing for future large lightweight mirrors: design using shape optimization[END_REF] [START_REF] Lemared | Stress mirror polishing for future large lightweight mirrors: design using shape optimization[END_REF] that aims to improve the thickness distribution; 

Zernike coefficients

Astig accommodating the RST CGI optical design to incorporate the surface errors; or, taking the advantage of finishing techniques, such as MRF and IBF to remove surface errors.

Experimental methodology and polishing

The parameters of OAP7 were selected for the first prototype because it was the most advanced design ready for manufacturing and it was considered low risk due to exhibiting the minimal value of astigmatism 3x for the CGI OAP set. The Zerodur substrate was made by SCHOTT from the design shown in Fig. 8 left, the thickness distribution was created by milling the shape into the Zerodur blank. A chamfer of ∼1 mm was added and polished on to the edge of the 60 mm physical diameter to prevent micro-cracks during polishing. First, the substrate is polished spherically to obtain the required radius of polishing (Table 2) and to remove the machining defects upon the substrate surface. During this first step, significant material is removed; the central thickness of the OAP7 is reduced to 4.43 mm and a new simulation is performed to verify the deformation function in Table 4: simulation. The material removal at the spherical polishing stage must be considered upstream in the design process. Figure 9 left highlights the OAP7 after spherical polishing, the resulting reflective surface is suitable for direct interferometric measurement at = 633 nm.

The warping harness is assembled on the back side of the mirror in Fig. 9 right. The interfacing components where force is applied have to be precisely mounted; 3D printed counter-form tools help to locate the gluing zones. The pushing forces are realised by pads glued upon the thickness distribution and topped by two micrometer screws. The pulling forces are achieved by wires glued both on the thickness distribution and the ring, the wires ensure a normal force. To apply the deformation the screws are turned, which deforms the ring and pulls upon the wires.

The substrate and its warping harness are placed front of an interferometer to start the deformation function. The prototype is mounted to allow access to the screws and to prevent constraints upon the mirror during the measurement. The warping harness is adjusted in front of the interferometer to produce the correct fringe pattern and then the substrate is left to settle under constraint for 12 hours to stabilise the warping function. The deformation obtained is shown in Table 4: deformation. After the validation of the deformation, the substrate is polished under stress to imprint the warping function upon the reflective surface. The warping harness requires adjustments during polishing as vibrations slightly alter the stability of the warping function. Thus, several iterations of interferometric measurements and polishing phases allow convergence upon a flat interferogram, which confirms the perfect sphere and indicates the polishing completion, as shown in Fig. 10 left. In the final stage, forces are removed and final interferometric measurement is performed to validate the OAP surface shape as shown in Fig. 10 right. 

Results

A complete characterisation of the prototype surface is performed; the optical quality of the mirror is characterised in the three spatial frequency domains, as described in Section 2.1. The assessment of the LoF SFE and MidF SFE is validated with the phase map acquisition from interferometric measurement performed on the complete polished surface of 58 mm in diameter, the number of pixels on this diameter is 870. Figure 11 shows the phase maps at 50 mm and 22 mm diameter computed with the Intelliwave software from the interferometric fringe image (Fig. 10 right). The measurement on the 50 mm diameter is added to provide an insight on how the process is expected to scale for the larger clear aperture diameter OAPs. On the clear aperture of 22 mm, the number of pixels is 330 corresponding to a maximal spatial frequency of 165 c/p, which covers the LoF and MidF domains. The MidF SFE is evaluated with the PSD calculation from the surface phase map obtained by the interferometry in Fig. 11. Figure 12 left shows the phase maps computed after removing the first 36 Zernike polynomials (corresponding to the LoF SFE below 3 c/p) on five different zones to characterise the entire mirror surface; the central zone corresponds to the clear aperture of the mirror, and four additional zones on the border of the mirror are termed East, West, North and South. The PSDs obtained are then compared to the theoretical requirement, defined by the function 31/ 2.5 , in Fig. 12 right. All the measured zones show a better quality than the theoretical function and particularly for the highest spatial frequencies. Roughness is evaluated using a microscope interferometer (WYKO NT9100). Five zones are measured on the surface: the centre, and at 11 mm and 25 mm from the centre along the x and y axes, as shown in Fig. 13 left. For each location a Mirau objective X50 is used with two magnifications giving 62 × 47 m 2 and 126 × 94 m 2 of surface area measured with spatial resolution of 100 nm and 200 nm. 25 measurements are averaged and tip, tilt and piston are subtracted. Figure 13 right shows the roughness obtained for each zone at the two magnifications. Roughness is computed using the arithmetic average of the profile deviation Ra; on the 22 mm clear aperture and the 50 mm measurement aperture the average Ra in both instances is 2.1 ˚ to 1 decimal place. Further to the results on the 22 mm diameter, the measurements on the 50 mm diameter were also analysed to explore scaling to larger clear aperture diameter OAPs. On the 50 mm diameter the LoF SFE demonstrated 21 nm RMS, which includes a 19 nm RMS contribution from pentafoil and this represents the border effect simulated for the large clear aperture OAPs. As discussed in Section 3.4, it is anticipated that the border effect can be removed using additional manufacturing steps. The MidF SFE at 50 mm, calculated from the phase map in Fig. 11 left, already meets the CGI OAP requirements.

The results obtained on the surface quality in terms of LoF SFE, MidF SFE and roughness for both diameters, are summarised in Table 5. The results meet the requirements on the 22mm aperture for OAP7 and correspond to the FEA simulations. The very low roughness confirms the super-polishing on the mirror surface. 

Conclusion

In this paper we detail a new manufacturing process for OAP mirror fabrication, which broadens the range optical geometries manufacturable via the SMP technique. Investigating the design of the mirror substrate, we created an innovative thickness distribution composed of trefoil, which is capable of producing the OAP geometry while maintaining a simple warping harness system.

The key design parameters to adapt the thickness distribution to a wide range of OAP geometries were highlighted and demonstrate the versatility of the approach. A prototype corresponding to the OAP7 model of the Roman Space Telescope CGI is manufactured in Zerodur and tested. The experimental results confirm the suitability of SMP for high contrast imaging: the optical quality of the OAP7 prototype is within the specifications, with a surface form error deviating from the simulation by < 1 nm RMS and an average surface roughness of 2.1 ˚ Ra. Further investigations to attenuate the border effect in the case of large clear aperture OAPs and to implement the technique on more complex shapes, such as freeforms, are under study.
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 1 Fig. 1. Optical design of the RST CGI. Credit: F. Zhao (2017) [30].

Fig. 2 .

 2 Fig. 2. Illustration of the OAP shape decomposition into Noll Zernike polynomials.

Fig. 3 .

 3 Fig. 3. Schematics of the combination of forces apply on the mirror to generate astigmatism 3x (left). 3D view of the mirror from CAD software with the force location in red (middle). Displacement fringes after FEA on the optical surface (right).

  middle. The ring thickness distribution of the mirror is characterised by a combination of uneven radial Zernike polynomials presented in Equation2. They have been carefully chosen to break the axisymmetry of the actual design of the toric mirrors and so generate coma 3x. With 0 being the initial thickness of the ring and ( , ) the local coordinates of the mirror, the thickness distribution of the ring can be expressed as:( , ) = 0 + 11 cos + 31 (3 2 -2) cos + 33 3 cos 3 + 55 5 cos 5 + ...

Fig. 4 .

 4 Fig. 4. Top: side view of the CAD models for thickness distributions described by Zernike aberrations coma (left), trefoil (middle) and pentafoil (right) with amplitude = 2 /30. Bottom: variation of /
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 6 left shows the variation of the hole , from = 15 /30 to = 25 /30. A hole diameter of 17.5 /30 generates the highest / ; however, with = 20 /30 the is reduced and the magnitude of astigmatism 3x increases for a similar / , as such the parameter was fixed to 20 /30 for the remaining studies (Fig.6middle and Fig.6

Fig. 5 .Fig

 5 Fig. 5. 3D representation of the trefoil thickness distribution design, with a cross section in the xz plan in grey, highlighting the design parameters of the study: , , and . is the minimum border thickness. The design configuration is taken with > in this example.

Fig. 7 .

 7 Fig. 7. Von Mises stress computed on the model =30 mm, =3 mm, =2 mm, =3 mm with total load of 20 N on each force application surface, resulting in 627 nm RMS astigmatism displacement.

Fig. 8 .

 8 Fig. 8. OAP7 CAD representation (left). Displacement fringes upon the optical surface after FEA deformation in mm (right).

Fig. 9 .

 9 Fig.9. OAP7 after unwarped spherical polishing phase, giving a reflective optical surface (left). OAP7 optical face down, assembled with its warping harness composed by a ring, two micrometer screws for the pushing forces and two wires for the pulling forces (right).

Fig. 10 .

 10 Fig. 10. Flat interferogram at the end of the stress polishing (left) and the final Interferogram with the force released (right). Black circles correspond to the diameters 22 mm, 50 mm and 58 mm.

Fig. 11 .

 11 Fig. 11. Phase map of the final surface computed by Intelliwave software from fringe acquisitions taken with a M ller-Wedel V-100 interferometer combined with a spherical reference surface of diameter 100 mm at F/6, resulting in a spatial resolution of 80 m. The surface maps are in nm for both the 50 mm diameter (left) and 22 mm diameter (right).

Fig. 12 .

 12 Fig. 12. Phase map computed after removing the first 36 Zernike polynomials on the five zones: Centre, East, West, North and South (left); PSDs for each of the five zones, superimposed with the specification function defined as 31/ 2.5 (right).

Fig. 13 .

 13 Fig. 13. Sketch of the measurement roughness location upon the optical surface (left). Results of the roughness for each location and magnification after averaging the 25 measurements (right).

Table 1

 1 

	3	579.2	1217.3 446.9	548.2	548.2	708.3	211

. The geometrical OAP requirements for the RST CGI

Table 2

 2 

	Clear aperture [mm]	44	50	50	22	22	22	22	10
	RoP [mm]		1006.6 1158.0 2434.6 893.8 1096.4 1096.4 1416.6 422.0
	/	[%]	7.70	7.60	5.00	5.97	4.71	4.71	3.92	4.02

. Zernike specifications computed on the clear aperture of each OAP

Table 3 .

 3 Zernike aberrations obtained by FEA for each OAP of the RST CGI computed on the respective clear aperture with the calculated design parameters.

	3x RMS [nm]	1288	1447	381	201	170	170	102	174
	Coma 3x RMS [nm]	102.2	108.8	19.1	12.0	8.1	8.1	3.9	7.0
	/	[%]	7.92	7.52	5.02	5.94	4.72	4.72	3.82	3.99
	/	Spec [%]	7.70	7.60	5.00	5.97	4.71	4.71	3.92	4.02
	Residuals RMS [nm]	28.1	31.9	10.6	3.7	2.5	2.5	1.5	1.6

Table 4 .

 4 A comparison of the Zernike aberrations for OAP7 with a clear aperture of 22 mm at design specification, simulation and experimentation. The residuals of the deformation are not recorded as they include contributions from an unstable measurement environment and interferometric errors.

	Zernike coefficients	Specification Simulation Deformation
	Astig 3x RMS [nm]	102	102	99.6
	Coma 3x RMS [nm]	4	4.5	4.42
	/	3.92%	4.39%	4.43%
	RMS [nm]	≤ 5	1.8	-

Table 5 .

 5 Summarised final specifications as built of the OAP7 compared to the requirement, on the clear aperture at 22 mm and on a larger diameter at 50 mm.

	Requirement	Specification Final Results Final Results
	Clear aperture [mm]	22.0	22.0	50.0
	Polishing Roc [mm]	1416.6 +/-1 1417.4 +/-0.1 1417.4 +/-0.1
	Astig 3x RMS [nm]	102.0	102.4	533
	Coma 3x RMS [nm]	4.0	3.9	58
	/	[%]	3.92	3.81	10.9
	LoF SFE RMS [nm]	5	1.5	21
	MidF SFE RMS [nm]	2	1.4 +/-0.3	1.7
	Roughness [ ˚ ]	5 RMS	2.1 Ra	2.1 Ra
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