






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Cheapest nuller in the world: Crossed beamsplitter

sensor, e.g. by means of a dichroÃ¯c plate as depicted in the Figure. ... Finally, another intrinsic advantage of the design is its compactness, thus relaxing the ... 

















 Télécharger le PDF 






 577KB taille
 6 téléchargements
 561 vues






 commentaire





 Report
























Cheapest nuller in the world: Crossed beamsplitter cubes François Hénault Institut de Planétologie et d’Astrophysique de Grenoble Université Joseph Fourier, Centre National de la Recherche Scientifique B.P. 53, 38041 Grenoble – France Alain Spang Laboratoire Lagrange, CNRS/UMR 7293 Observatoire de la Côte d’Azur B.P. 4229, 06304 Nice – France ABSTRACT In this communication is described a new type of Achromatic phase shifter (APS) suitable for both nulling interferometry and coronagraphy, based on a couple of crossed beamsplitter cubes, well-suited for equipping future spaceborne instruments searching for extra-solar planets located in a habitable zone. We present the general principle of this APS and discuss possible implementations into a nulling coronagraph telescope or into a sparse-aperture interferometer, either of the Fizeau or Michelson type. Expected performance in terms of transmission maps and a preliminary tolerance analysis are also provided. It turns out that the device is cheap, compact, and presents reasonable manufacturing tolerances and costs. Keywords: Phased telescope array, Coronagraph, Nulling interferometry, Achromatic phase shifter
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INTRODUCTION



After having recognized more than one thousand extra-solar planets since twenty years, the recent discovery of Kepler186f sounds as the promise of finding an Earth-twin planet, i.e. having similar size, mass and orbiting period, and located in the “habitable” zone where water is present in liquid state. But such conditions are not sufficient to demonstrate that this planet can harbour local life. For that purpose a thorough characterization of its atmosphere is required, that can only be achieved with the help of other techniques, including space-based transit spectroscopy [1], coronagraphy [2], or nulling interferometry [3]. The present paper especially focuses on the two latter methods. Nulling interferometry basically consists in observing and analyzing the luminous spectra emitted by a planet in the thermal infrared range. Practically, it involves the realization of a space interferometer composed of several free-flying collecting telescopes, orbiting around a central combiner equipped with a special optical device named Achromatic phase shifter (APS). This APS actually turns the natural bright central fringe of the interferometer into a black, destructive fringe canceling the central starlight [3]. During the last decade, the European Space Agency (ESA) and National Aeronautics and Space Administration (NASA) conducted two feasibility studies of nulling interferometers, respectively named Darwin [4] and Terrestrial Planet Finder Interferometer (TPF-I [5]). They both led to the conclusion that, among others, the current technology available for designing APS had to be simplified and secured before launching a space instrument. Coronagraphy, in opposition, only requires one single, monolithic telescope. A coronagraphic instrument is generally operating in the visible or near infrared wave band, and is collecting the stellar radiation reflected by the extra-solar planet and filtered out by its atmosphere. At the same time the light directly emanating from the parent star must be down to a factor 10-10 in the case of an Earth-like planet. So here again one or several optical devices blocking the starlight need to be designed, in association with very tight image quality and stray light rejection constraints. A comprehensive review of such optical devices and of their compared performance can be found in Ref. [2]. In this paper, one of the most promising scheme appears to be the “Coronographe interférentiel achromatique” (CIA), which is also an



APS by itself [6]. Starting from this idea, we describe In this communication an original APS design suitable for both nulling interferometers and coronagraphs, made of simple, common beamsplitter cubes, hereafter named Crossed-cubes nuller (CCN). The general principle of the device is described in section 2. Possible implementations into a visible nulling coronagraph or an infrared nulling interferometer are discussed in sections 3.1 and 3.2 respectively. The CCN performance in terms of nulling maps and achievable nulling ratio are evaluated in section 4, before giving a brief conclusion of this study (§ 5).
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GENERAL PRINCIPLE



The general principle of the CCN is pictured in Figure 1. It is essentially composed of two beamsplitting cubes having orthogonal semi-reflective layers, and of an achromatic lens (e.g. a doublet) focusing the output beams onto a same point. Here the most important properties of the splitting cubes is that they are symmetrical and lossless, so that their amplitude reflection and transmission factors r and t have identical modulus and we have |r|2 = |t|2 = 0.5. Nevertheless, it is assume for the moment that the cubes and the focusing lens are of commercial grade, i.e. they are common optical components, easily found in catalogs and not expensive.



Cube 1



Focusing optics



Cube 2 Y’



X’ Z O"



Figure 1: General view of the crossed-cubes nuller.



Figure 2 shows a detailed view of the relative arrangement between both beamsplitting cubes, being labeled 1 and 2 (entrance and exit cube respectively). The mathematical formalism and coordinate systems employed throughout the whole paper are as much as possible the same than used in Refs. [7-8]. The reference frame attached to the CCN is defined as follows: o



Z is main optical axis of the system, also being parallel to the optical axis of the focusing lens,



o



X’ is perpendicular to the Z-axis, and to the semi-reflective layer of Cube 1 (hence the layer is parallel to the Y’Z plane),



o



Reciprocally, Y’ is perpendicular to the Z-axis and to the semi-reflective layer of Cube 2 (the layer is parallel to the X’Z plane).



We consider a flat monochromatic wavefront propagating in the +Z direction, and impinging Cube 1 under an incidence angle equal to 45 degs. This wave is linearly polarized, either along the X’-axis (thick red lines on the Figure) or along the Y’-axis (thin black lines). The wave is firstly refracted by the input face of Cube 1, then split into two different beams by the semi-reflective layer. After refracting again at the output face of Cube 1, both beams are found to be parallel and directed along the Z-axis, but due to polarization flips at reflection their polarization orientations have changed as indicated in Figure 2. Moreover, these polarization flips are equivalent to achromatic π-phase shifts, thus they are appropriate to an APS design. The same process is then repeated on the second stage of the CCN, where polarization



flips occurring at the X’Z semi-reflective layer in Cube 2 finally generate four output parallel beams in opposite polarization states; this is illustrated in the bottom strip of Figure 2, where are shown (from left to right) the opposite polarization directions in the four sub-pupils (numbered from 1 to 4) generated by the splitting cubes, and the corresponding phase-shifts for two linear polarizations of the incident beam directed along the X’, then the Y’ directions. Consequently, the four split beams will form a “dark hole” at the centre of the lens focal plane after they have been combined multi-axially. We conclude that, as the CCN shows the ability to cancel linearly polarized light oriented along the two perpendicular directions X’ and Y’, it should then null out any polarization state of light at all wavelengths. Therefore it answers to all the critical specifications requested to an APS usable for extra-solar planets detection and spectroscopic characterization. Finally, the proposed device may be seen as a three-dimensional version of the classical Mach-Zehnder interferometer (MZI), whose four output ports would be spatially separated. It is also worth noting that the CCN actually turns into the MZI with two output ports when the semi-reflective layer planes in Cubes 1 and 2 are set parallel. It should also be of interest to study a more general case where the angle between the planes is not equal to 0 (i.e. the MZI) nor to π/2 (the herein described CCN). However this work requires using three-dimensional polarization matrix formalism and is out of the scope of our paper.
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Figure 2: Detailed view of the crossed beamsplitting cubes, and of the polarization orientations of their splitted beams.
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POSSIBLE IMPLEMENTATIONS



In the previous section was defined an optical APS, namely the CCN, having the ability to create a “dark hole” at the centre of a telescope focal plane for any wavelength and polarization of light. This device is appropriate for both coronagraphy and nulling interferometry applications as is discussed in the following sub-sections. We first consider the case when the CCN is set near the focus of a single coronagraphic telescope (v§ 3.1), then its utilization as APS into a nulling interferometer comprising several collecting telescopes (§3.2). In both cases, extreme on-axis rejection ratios are searched for.
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Figure 3: implementation of the CCN into a nulling coronagraph telescope.



3.1



Visible nulling coronagraph



A general sketch of the CCN implemented into a nulling coronagraph telescope is shown in Figure 3. Here the CCN including its cubes and focusing lens (not to scale in the Figure) is set just before the telescope focus O”. With respect to some previously described system designs [9-10], this new configuration presents three decisive advantages:



1) Improved radiometric performance This coronagraphic CCN exhibits an excellent radiometric efficiency because all the split output beams are recombined together without utilizing any of them for metrology purpose: in the previous designs, three beams out of four where actually directed towards various optical sensors in order to respect strict symmetry requirements between the different optical paths. This implied a maximal throughput of 25 %, while it is here equal to 100 % without sacrificing symmetry conditions. Moreover, it does not preclude the installation of an upstream wavefront sensor, e.g. by means of a dichroïc plate as depicted in the Figure. 2) No FoV rotator needed In most of coronagraphic experiments, a Field of View (FoV) rotator allowing to turn around the telescope line of sight the residual star artifacts, not extinguished by the optical system. This is an additional subsystem, decreasing the total number of collected photons and involving severe alignment and guiding constraints. Here it should be envisioned to remove it and to rotate the CCN itself as a single piece, since its optical components are of moderate size and can be assembled into a common structure. An extra gain in throughput and in reliability of the system would follow. 3) Adjustable baselines The CCN permits an accurate and rapid reconfiguration of the exit baseline B’X and B’Y along the X’ and Y’ axes by means of lateral displacements of Cube 1, Cube 2, or both. Denoting h the incidence height of the input beam, A the hypotenuse of the cube, and n(λ) the refractive index of the cube material, a generic expression of the output baseline B' writes (see Figure 4):



(



B' = A (1 − tan θ ) − 2h = A 1 − 1



)



2n 2 (λ ) − 1 − 2h .



(1)



Dynamically modifying the baselines B’X or B’Y may serve for different purposes. For example, increasing them may give access to extremely narrow Inner working angles (IWA), since following the formalism described in Refs. [7-8], it can be expressed as:



IWA ≈



1 λF' 1 N' λ , ≈ 4 B' F 4 N D



(2)



where F and F’ are the focal lengths of the collecting telescope and of the focusing optics respectively, N and N' the F/D numbers, and D the telescope diameter. In the same manner, the CCN allows an easy implementation of inflight phase modulation and image reconstruction of the planet, a technique that was originally envisaged for nulling interferometers [4-5].
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Figure 4: Computing the exit baseline B’ as function of the cube parameters A and θ for different heights h of the incoming beam (only one cube is shown).
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Figure 5: Implementation of the CCN into a four-telescope nulling interferometer.



Finally, another intrinsic advantage of the design is its compactness, thus relaxing the mechanical and thermal stability requirements applicable to this type of instruments. Obviously, this last advantage is also of benefit when the CCN is integrated as an APS into a sparse-aperture nulling interferometer. This is the scope of the next sub-section. 3.2



Nulling interferometer



Figure 5 provides the reader with a schematic view of how the CCN can be implemented into a nulling interferometer as the APS of the whole system. By design, this APS is mainly suited to a 4, 16 or 4p telescope arrays, with p being an integer number. Practically, we should limit our ambition to a 4-telescopes configuration. In that case, the beams coming from the collecting telescopes shall be injected into the four entrance ports of the Cube 2 (light propagating in the countersense of that indicated in Figure 2). Cubes 1 and 2 have now four exit ports: two beams exiting Cube 2 are picked by fold mirrors toward fringe trackers, respectively co-phasing telescopes n° 1-4 and 2-3. One of the two output beams from Cube 1 is the main nulled science beam, and the other one serves for co-phasing together the 1-4 and 2-3 telescopes pair. In that way the whole array is co-phased and the radiometric efficiency has been maximized, although it does not exceed 25 % in the nulled science beam. Alternatively, one may choose to combine multi-axially the four beams exiting the cubes as in Figure 3. In that case the throughput could theoretically reach 100 %, and the fold mirrors in Figure 5 would be replaced with dichroïc beramsplitters. Here again the CCN presents several advantages when compared to other types of nullers, such as simplicity, compactness, and low sensitivity to thermal drifts. Also, the exit baselines B’X and B’Y of the device can easily be tailored to match the geometry of any kind of rectangular arrays, e. g. the X-array configuration that was selected for the Darwin and TPF-I space missions [4-5]. In particular, it will ensure the accurate fulfillment of the “golden rule” of Fizeau interferometers when this type of instrument is considered [8].However such adjustments may not be dynamically modified in flight as for the visible nulling coronagraph1, but can be achieved at the design stage, i.e. by sizing the cubes hypotenuses AX and AY. Here the dependence relationship between the input and output baselines B and B' and the cube parameters is very similar to Eq. 1, and is illustrated in Figure 6:



(



B' = A (1 − tan θ ) − B = A 1 − 1



)



2n 2 (λ ) − 1 − B .



(3)
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Figure 6: Same representation than in Figure 4 for the case of a nulling combining CCN (only one cube is shown).
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EXPECTED PERFORMANCE



After having described the general principle of the CCN and discussed possible implementations into a coronagraphic telescope or a nulling interferometer, we present in this section some elements for evaluating its performance, either in terms of nulling or transmission maps (§ 4.1), or of the achievable nulling ratio as function of manufacturing tolerances (§ 4.2). Here is only considered the case of a four-telescope nulling interferometer operating in the thermal infrared around λ = 10 µm, a waveband that is appropriate for identifying life signs in extra-solar planet atmospheres. 1



More precisely, they should multiply the number of exit sub-pupils by a factor 2 or 4, an effect that may have interesting consequences but requiring future investigations.



4.1



Nulling maps



Nulling maps (or transmission maps in the coronagraphic telescope case) are of the greatest importance when evaluating the performance of a star-occulting instrument. They can be defined as the normalized amount of flux emanating from an extra-solar planet and collected by a starlight extinction system, as a function of the planet angular position onto the sky. Ways of computing them depending on several sub-system characteristics, such as recombination type (axial or multiaxial), APS geometrical properties (inverting images or not), and wavefront spatial or modal filtering, have been extensively discussed in Ref. [7], section 5, and Ref. [11]1. Here they are estimated by using a simplified approach, based on the following hypotheses: o



All the employed coordinate systems are similar to those defined in Ref. [8], In particular, the direction of the planet is defined by a couple of angular coordinates (u,v).



o



It is assumed that the interferometer is of the Fizeau type, meaning that its exit pupil is a scaled replica of its entrance pupil [8].



o



Wavefront filtering is ensured by means of a Single mode waveguide (SMW) of amplitude filtering function noted G(u,v). The SMW is centred on point O” and its core diameter has been matched to the amplitude ˆ (u, v) of the focusing lens, in order to maximize the collected flux. diffraction pattern B D



Under such assumptions, the expression of the nulling map achieved by the CCN writes;



|[



]



|



ˆ (u, v) ⊗ G(u, v) 2 ; T(u, v) = F(u, v) × B D



(4)



where F(u,v) is the “Far-field Fringe Function” (FFF) describing the interference pattern that would be generated on-sky if all the interferometer sub-pupils were reduced to simple pinholes [7], and symbol ⊗ denotes a correlation product. Here the analytical expression of F(u,v) depends on the polarization direction of the incoming light. Referring to the phase-shifts maps of the output sub-pupils on the bottom of Figure 2; we have: FX(u,v) = cos2(πB’Xu/λ) sin2(πB’Yv/λ)



for linear polarization along X’-axis, and:



(5a)



FY(u,v) = sin2(πB’Xu/λ)cos2(πB’Yv/λ)



for linear polarization along Y’-axis,



(5b)



where λ is the wavelength. We finally assume the FFF of the CCN for any polarization state of light to be equal to the arithmetic mean of FX(u,v) and FY(u,v):



F(u, v) = [FX (u, v) + FY (u, v)] 2 .



(6)



Therefore the CCN nulling maps can be readily computed by combining Eqs. 4-6, once the optical and geometrical characteristics of the telescope array are determined. An illustration of this procedure is provided in Figure 7, corresponding to the simulated case of a four telescope square array of 10-m side length. Each individual telescope has a diameter D=5 m and a focal length F = 50 m. After optical and geometrical compressions by a factor m = 500, the four collected beams enter the CCN and are focused onto the central SMW. The focusing optics have a focal length F’ = 100 mm, and the exit baselines are equal to B’X = B’Y = 20 mm. Two first nulling maps are shown on the top row of Figure 7, that are achieved when the incident light is linearly polarized along the X’ and Y’ directions. Their combination according to Eq. 6 are displayed on the bottom part of the Figure. The resulting map effectively exhibits a dark central hole surrounded by bright spots where the probability for detecting a faint companion is maximal. These transmission peaks are arranged into a square geometry, looking very similar to those generated by an Angel cross configuration2 [13]. It is likely that the transmission maps produced by a CCN operating as a visible nulling coronagraph (as described in sub-section 3.1) will show the same general appearance. After having demonstrated that the nulling maps generated by the CCN are well-suited to coronagraphy and nulling interferometry, it is now desirable to perform more quantitative evaluations. For this a preliminary tolerance analysis of



1 2



See also Refs. [9] and [12]. However the CCN is a second-order nuller, while the Angel cross configuration provides a fourth-order null.
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Figure 7: Raw nulling maps generated by the CCN. Top left panel: polarization along X’-axis. Top right panel: polarization along Y’-axis. Bottom panels: average nulling map (gray-scale map and 3D view).



the cubes parameters is presented in the next sub-section. 4.2



Nulling ratio and sensitivity analysis



Defining quantitative specifications for the CCN should ideally be based on the nulling maps presented in sub-section 4.1, from which the nulling depth at the FoV centre can be evaluated rigorously. Here will only be defined some preliminary manufacturing requirements of the CCN, using approximate expression of the central nulling rate N that should typically be around 10-6 for an instrument operating in the mid-infrared waveband. We also restrict the study to the manufacturing tolerances of the cubes, knowing that their relative orientations might be critical and deserve future work. Classically, the errors affecting a nulling interferometer are divided into intensity mismatches and phase errors [14], as discussed in § 4.2.1 and 4.2.2. The subsequent manufacturing tolerances of the cubes are summarized in § 4.2.3. 4.2.1



Intensity mismatches



Let us denote ±r and t the amplitude reflection and transmission factors of one individual beam splitting cube; assuming they are real positive numbers and the sign ± stands for the π-phase shifts. Neglecting all Fresnel losses or assuming the cubes faces to be AR coated, the complex amplitudes transmitted by the CCN along the four optical paths can then be written as:



Optical path number Beam 1 Beam 2 Beam 3 Beam 4



Polarization along X’-axis t2 rt - r2 -tr



Polarization along Y’-axis t2 -rt - r2 tr



It is found that the total amplitude transmitted and focused by the CCN is t2 - r2 for both polarization orientations. Hence the nulling ratio N shall be equal to its square power:



(



N = t2 − r2



)



2



= R 2 + T 2 − 2R T ,



(7)



where R = |r|2 and T = |t|2 are the intensity reflection and transmission factors of a single cube. Assuming now an intensity unbalance ε between the reflected and transmitted beams such that R = (1+ε)/2 and T = (1-ε)/2, leads to a nulling rate degradation of N = ε2. Therefore a requirement of N < 10-6 translates into a flux mismatch ε lower than 10-3. This is a very tough specification, yet not unreachable for a symmetric beamsplitter. Another potential cause of flux unbalance is due to linear polarizations rotating by an angle α after reflecting off the semi-reflective layer of the cubes. At 45 degs. incidence, this effect can be roughly estimated as N ≈ α2, leading to manufacturing tolerances on cube angles of 3 arcmin typically, which may not be considered as critical. 4.2.2



Phase errors



Phase errors result from variations of the Optical path difference (OPD) between the different arms of the interferometer, and are of uppermost importance to the achievable null ratio N. Inserting a phase multiplying factor exp(i ϕ) ≈ 1 + i ϕ, and expanding N as in the previous paragraph leads to: 2 N ≈ ϕ 2 = (2π δ λ ) ,



(8)



where δ is an OPD error term introduced along any of the CCN optical paths. In nulling interferometry, δ is usually composed of four main error sources, being: o



Unequal total optical path lengths between different interferometer arms,



o



Variations of δ as function of wavelength λ (chromatism, compensated for by the APS in theory),



o



Variations of δ into each sub-pupil area (wavefront error),



o



Variations of δ as function of polarization orientations (birefringence).



In our case the two last contributions can be considered as negligible, because the wavefront errors are filtered by the SMW, on the one hand, and the cube material is chosen so as to be free of birefringence, on the other hand. The first error item (optical path length differences) deserves more attention: •



For the nulling interferometer being studied here, one should reasonably expect each collecting telescope to be equipped with an optical delay line stabilizing and equalizing the path length differences. Cubes thickness differences may also be compensated for by the delay line, therefore this error term can also be set to zero.



•



In the case of the nulling coronagraph described in § 3.1, the previous advantage disappears. As the OPD δ produced by a cube thickness difference de is equal to δ = (n (λ ) − 1) 2 de , it follows that de should be lower than 5 nm or less, depending on cube material. This very stringent requirement will impose several polishing cycles, or to implement optical path length compensators as illustrated in Figure 8.



[



]



Finally, the last remaining error term (APS residual chromatism) strongly depends on the cubes geometrical characteristics, and shall be determined by optical modeling. Numerical simulations were then carried out with a raytracing software, employing the same optical parameters than in the previous sub-section. We also assume that the CCN is made from ZnSe material, that has an excellent transmission in the infrared wave band and qualified for space applications (for a visible coronagraph, one may rather select Fused Silica, a more standard material for manufacturing beamsplitter cubes). Setting then B’ = B into Eq. 3 gives a cube hypotenuse length A = 75.51 mm. Manufacturing errors



were then introduced into the optical model in order to quantify their effects on the residual phase chromatism and nulling ratio, that are summarized in the next paragraph (see Table 1). (P’)
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Figure 8: Principle of a CCN equipped with dioptric OPD compensator (only one cube is shown). The optical path lengths are equalized by lateral translations (blue arrows) of wedged plates made of the material than the cube. This type of optical length compensator has already been manufactured for the PERSEE nulling experiment [15].



4.2.3



Preliminary manufacturing requirements



Regrouping all the results obtained in the preceding sections, the preliminary manufacturing requirements of the cubes are summarized in Table 1. Table 1: Preliminary manufacturing requirements of the CCN. PARAMETER Operating wavelength Spectral range Semi-reflective layer (SR) Transmission factor Reflection factor Flux mismatch Anti-reflective coating (AR) Geometrical parameters Cube hypotenuse Transmitted pathlength in glass Reflected pathlength in glass Pathlength difference in glass Angular errors Wavefront error



REQUIRED VALUE



EQUIVALENT NULLING RATE



REMARKS



λ = 10 µm 8-12 µm



Depending on science requirements Depending on science requirements



50 ± 0.1 % 50 ± 0.1 % < 0.1 % Standard



On full spectral band On full spectral band On full spectral band λ/4 AR coating



75.5 ± 0.1 mm 21.4 ± 0.1 mm 21.4 ± 0.1 mm < 0.005 µm < 3 arcmin < λ/4 PTV Total Null (RMS sum)



1.0E-06



9.8E-06 7.6E-07 0.0E+00



Case of ZnSe material Case of ZnSe material Case of ZnSe material Only applicable to coronagraph For both SR/AR faces, including pyramid For both transmitted and reflected beams, on each sub-pupil



4.6E-06



Excepting the flux balance specification, most of the preliminary manufacturing tolerances defined in this Table finally are not so stringent than usually encountered in nulling interferometry or coronagraphy literature. In particular, they allow the proposed design to be realized using a contacted optics techniques, when extreme stability is required. If commercial-grade beam splitting cubes are authorized and fulfill some of these requirements, another option would be to select the most appropriate pair of cubes from a batch of manufactured pieces.
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CONCLUSION



In this paper was presented the “Cheapest nuller in the world,” that is made of two crossed beam splitting cubes having the property to extinguish simultaneously two perpendicular, linearly polarized states of light in an achromatic manner. After explaining the basic principle of the device, we discussed possible implementation either into a visible nulling coronagraph or as the Achromatic phase shifter (APS) of an infrared nulling interferometer. It was demonstrated that the device is suitable to both nulling interferometry and coronagraphy, also offering important advantages such as high throughput, very narrow Inner working angles (IWA), and capacities of fringes rotation and modulation. Performance analysis in terms of transmission maps and achievable nulling ratio proved that the manufacturing tolerances are reasonable. Finally, the device is simple, compact, and potentially not expensive. As such, it should be a good candidate for future space missions aiming at characterizing the atmospheres of extra-solar planets. It may also be envisioned to incorporate it into the last generation of ground-based coronagraphs, for example SPHERE [16] at the Very large telescope (VLT), or GPI at the Gemini South telescope [17].
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