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Innovative optical designs combing freeform optics and curved freeform sensors will be key elements to improve the optical performance and reduce the overall manufacturing and testing pressure of optical complex systems. In this paper, three version of unobscured all-reflective TMA-type telescopes (D=10cm, FOV=7°×7°) will be designed separately with flat sensor, spherical sensor and freeform sensor. Then, we will analyze and compare their imaging quality (RMS spot radius) and surface complexity (PV sag departure and Max slop departure) to demonstrate the advantage of freeform sensor applied in the off-axis optical system. Finally, we make comparison on sensitivity analysis of surface error between mirror surfaces and freeform sensor surfaces to prove that the manufacturing pressure of the sensor did not increase even though its surface complexity increased. We expect that such a design has a great potential to be applied in the space weather monitoring and solar system planetary exploration drones.

INTRODUCTION

For hundreds of years, human has never stopped exploring the vast universe. Since the appearance of the first telescope in 1609, human's curiosity about the unknown space has been out of control. Scientists and engineers are constantly improving the focal length, aperture and image quality of equipment to satisfy mankind's intense curiosity about the magic world. With the gradual improvement of equipment specifications, the optical system has undergone the rapid update iteration from spherical surface, conic surface, aspherical surface to the actual generalized freeform surface [START_REF] Jannick | Freeform optics for imaging[END_REF][START_REF] Schiesser | Effect of freeform surfaces on the volume and performance of unobscured three mirror imagers in comparison with off-axis rotationally symmetric polynomials[END_REF][START_REF] Bauer | Starting geometry creation and design method for freeform optics[END_REF] . The introduction of complex optical surfaces provides more optimization freedom for optical design, resulting in higher imaging specifications of equipment, however the increasing surface complexity will bring great challenges to its testing and manufacturing, which in turn limits their application to some extent [START_REF] Beier | Development, fabrication, and testing of an anamorphic imaging snap-together freeform telescope[END_REF] .

Curved sensors as another effective way can directly compensate for the field curvature aberration in the focal plane and suppress field-flattening optics, improve the image quality of the system while reduce the number of lenses [START_REF] Gaschet | Methodology to design optical systems with curved sensors[END_REF][START_REF] Muslimov | Fast, wide-field and distortion-free telescope with curved detectors for surveys at ultralow surface brightness[END_REF] , so the volume and weight of the system can be greatly reduced. Moreover, as the surface complexity of a curved detector increases, for example toroid and aspherical sensor [START_REF] Muslimov | Combining freeform optics and curved detectors for wide field imaging: a polynomial approach over squared aperture[END_REF][START_REF] Muslimov | Design of optical systems with toroidal curved detectors[END_REF] , other aberrations such as astigmatism, spherical aberration and coma can also be reduced. This greatly relieves the aberrations correction pressure on lenses or mirrors, and finally prevents the optical system from becoming too complex to be tested or manufactured.

In this paper we will consider both freeform optical surfaces and freeform detector to build an all-reflective unobscured TMA telescope. We propose this solution for CubeSat mission to monitor space weather and enlarge it to potential drones for solar system planets surveillance in low orbit [START_REF] Muslimov | Optical Design for a Cubesat: Unobscured Telescope, Using Freeform Mirrors and a Curved Detector[END_REF][START_REF] Liu | Freeform hyperspectral imager design in a CubeSat format[END_REF] , since large field of view and high resolution of the system can be achieved. In the beginning of the paper, three versions of TMA telescopes are designed, and their imaging performance are evaluated and compared. Then we use PV sag departure and Max slop departure as a criteria to assess the complexity of the designed freeform surface, in order to prove that TMA telescope with freeform detector not only has an excellent optical performance, but also has the ability to reduce the complexity of the extreme freeform optics; In section 4, we analyze the sensitivity of surface error on both mirror surface and freeform sensor surface to show that the increase in the detector's surface complexity does not make it more difficult to manufacture.

OPTICAL DESIGN AND IMAGE QUALITY ASSESSMENT

In this part three versions of TMA telescope separately with flat sensor, spherical sensor and freeform sensor are designed and compared to explore the advantages of freeform sensor used in off-axis optical system. We assume that all the mirrors have freeform surfaces and with same maximum polynomial order. The general parameters of the optical scheme are listed in table 1 It is known that Zernike polynomials are closely related to wave aberrations of optical systems [START_REF] Fuerschbach | A new family of optical systems employing φpolynomial surfaces[END_REF] , such an outstanding feature can guide us to balance the aberration of the system faster and better, so Zernike Fringes polynomial is chosen to describe all the freeform surface that appear in the design, which is defined as equation 1.

Where N is the number of Zernike coefficients in the series, Ai is the coefficient on the i th Zernike Fringe polynomial, r is the radial ray coordinate in lens units, ρ is the normalized radial ray coordinate, and φ is the angular ray coordinate.

(1)

In the initial phase of optimization, Nodal Aberration Theory combining Zernike coefficients vs Field Map in ZEMAX are used as reference to make the evaluation function converge as fast as possible [START_REF] Fuerschbach | Extending Nodal Aberration Theory to include mount-induced aberrations with application to freeform surfaces[END_REF][START_REF] Fuerschbach | Theory of aberration fields for general optical systems with freeform surfaces[END_REF] . Specifically, when the i th Zenlike coefficient is larger and is field constant, the coefficient Ai of the freeform surface located at the stop or pupil is preferred to be released as the optimization variable. If the i th Zenlike coefficient is field dependent, we release the coefficients Ai on the freeform surface that is displaced longitudinally away from the stop or pupil in preference. After that, other Zernike coefficients up to 16 th are released to further improve the imaging quality of the system. It should be noted that Zernike coefficients A1-A4 are not used in the optimization process as they represent piston, tip/tilt and power. In addition, when designing an off-axis optical system, we also need to the control the system layout to make it reasonable in space position [START_REF] Fuerschbach | Freeform Optical Surfaces for Field Biased and Decentered Aperture Reflective Optical Design[END_REF][START_REF] Muslimov | Advanced optical designs of curved detectors-based two-mirrors unobsured telescopes[END_REF] . The general view of the optical scheme is presented on Figure 1. The components arrangement remains approximately the same for all the design versions discussed below. For estimation and comparison of the image quality we use RMS spot radius of three version of TMAs, which is shown in firgure 2. The plot clearly show that the RMS spot radius decreases a lot when the complexity of the sensor surface shape improves. For TMA with flat detector #1, the maximum radius of dispersion spot in the full field of view is 29.6 μm, the image quality is far from the requirement. With spherical detector, the imaging quality of TMA #2 has greatly improved, the RMS spot radius is reduced by 4/5 compared with #1, even though there only adds one degree of freedom(the curvature radius of sensor)in the design. When increasing the complexity of detector surface shape to freeform surface #3, the image quality of the system is further improved. 

FREEFORM SURFACE COMPLEXITY ANALYSIS

To assess the complexity of the designed freeform surfaces, PV sag departure and Max slope departure are respectively used and list in table 2. As expected, with the application of spherical and freeform detector, the complexity of mirrors surface gradually decreases. Taking TMA #1 as a reference, its maximum sag departure appears in mirror 2 is 274 μm, while Maximum sag departure in all the three mirrors of TMA #2 is 231.0μm, reduced by 15.7%. Furthermore the application of freeform Sensor reduces the maximum PV sag departure in all the three mirrors by 33.9%. Max slop departure of optical mirrors has the same trend as PV sag departure, they all gradually decreases as the surface complexity of detector increases from flat shape to freeform shape. However, during the design process we found that Max slop departure of freeform sensor surface in TMA # 3 is easy to become larger, even one order of magnitude higher than that of the optical mirror surface, even though its PV sag departure is roughly the same as that of the optical mirror. Therefore, we will re-optimize TMA #3 by adding the control of surface slope in the optimization, and try to balance the surface complexity of three mirrors of TMA to reduce the maximum value.

Generally the squared sum of the polynomial coefficients is used as a penalty to constrain the surface shapes described by orthogonal polynomials such as Q-type [START_REF] Forbes | Shape specification for axially symmetric optical surfaces[END_REF][START_REF] Forbes | Manufacturability estimates for optical aspheres[END_REF] , Zernikes, Legendre and etc [START_REF] Ochse | Describing freeform surfaces with orthogonal functions[END_REF] . For Qbfs and Q-2D, the square sum of coefficients represents the mean-square gradient normal departure, and the square sum of Zernike polynomial coefficients represents the surface'mean-square sag departure [START_REF] Takaki | On-the-fly surface manufacturability constraints for freeform optical design enabled by orthogonal polynomials[END_REF] . This is because Qbfs and Q-2D polynomial are orthogonal in gradient normal departure while Zernikes are orthogonal in sag departure. Therefore, when we directly adopt the square sum of Zernike coefficients as surface shape constraints, the surface slope departure will not be effectively reduced, because the same value of mean-square sag departure will generate completely different slope departure. In order to solve this problem we will consider the surface slop penalty in a simple way. From the figure 3, we see that each Zernike term will produce same value of PV sag departure when the coefficients Ai of the different Zernike polynomial term are the same, however the value of Max slope departure of each Zenike term is completely different. So in this paper the penalty function constraining the surface shape is defined as equation 2, which takes the contribution of each zernike term to the surface gradient departure as the weight of the square of each Zernike coefficient. In addition, such a method can also be used to control the complexity of freeform surfaces described by other types of orthogonal polynomials.

(
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After re-optimized the TMA with freeform sensor when adding the penalty caculated by equation 2 in design procedure, we finally obtain the TMA #4, the RMS spot raduis in the full field of view ranges from 1.98μm to 3.68μm, which is roughly the same as the image performance of TMA #3. The data used to characterize the surface complexity of TMA #4 are listed in column #4 in Table 2. The maximum PV sag departure(139.0μm) is nearly half of the TMA with plane sensor, and The Max slope departure of freeform sensor shape becomes more reasonable.

We also give the sag deviation maps from its best fit sphere of the three mirrors and senor of TMA #4 in figure 4. We see that the shape of M1 is dominated by astigmatism, M2 is coma and astigmatism and the shape of M3 is composed of astigmatism, coma, and spherical aberration. In addition, It is easy to observe that the detector shape is dominated by astigmatism, which indicates that the detector shares the correction of residual astigmatism of the optical system, thus helping to reduce the pressure of mirror aberration correction and reducing the complexity of the mirror surface. 

SENSITIVITY ANALYSIS ON SURFACE ERROR

In the previous sections, we know that the increase in complexity of detector shape helps to further improve the image quality of the system and greatly reduces the complexity of the optical mirror, thus relieving the pressure of mirror manufacture. However, whether it is worthwhile to relieve the manufacturing pressure of the optical mirror at the expense of the improve of the detector complexity will be studied and explained in this section.

As we know, manufacturing errors of optical mirrors (eg. radius of curvature and surface irregularity) will not only introduce various aberrations, finally leading to imaging quality degradation, but also change parameters of the system (such as focal length, etc.). However, the manufacturing errors of detector will only introduce defocus to the whole system [20] . Therefore, we can assume that the allowable surface error of the detector only depends on the allowable defocus distance of the system. The following figure 5 shows the relationship between the defocus distance and the error of the curvature radius, the surface irregularity on the detector surface. Where △R is the error of the curvature radius of the surface, R is the curvature radius of the image surface, r is half of the height of the image surface, N is the F-number of the system, and a is the pixel size of the detector, we assume that a is equal to 5μm. According to the above formula we can calculate the defocus of the system and the allowable radius of curvature error . Thus, the tolerance of surface error is very high for the detector.

The following figure 6 shows the comparison of the sensitivity of the curvature radius error and surface irregularity with respect to the RMS spot radius of the system between three mirrors and detectors of the TMA #4. Defocus or other types of compensation of the system are not considered in the calculation of sensitivity. Obviously, the system is most sensitive to the curvature radius error of M3, which reaches 59. This value indicates that when the curvature radius of M3 changes by 1mm, the RMS spot radius of the system will increase by 59μm. The sensitivity of curvature radius error on M1 and M2 are relatively low, they are less than 10. For the detector surface, the error of curvature radius nearly does not affect the imaging quality of the system. This is because the detector surface has a very high tolerance of radius of curvature. When compare the sensitivity of surface irregularity between mirrors and senor, M2 is relatively high at 14.6, M1 and M3 are less than 5.0, and the detector is almost equal to 0, because the detector surface irregularity is only determined by the allowable defocusing distance of the system. It can be seen clearly that the increase of detector surface complexity can help improve the imaging quality of the system and alleviate the mirror complexity at the same time, but its own manufacturing tolerance is relatively loose, which will not increase the difficulty of the detector manufacturing.

CONCLUSION

In the present paper we demonstrated the strength of curved-freeform sensor used in off-axis optical system by comparing four versions of TMAs with flat sensor #1, spherical sensor #2 and freeform sensor #3(without surface slop constraint) & #4 (with surface slop constraint). To be specific, the maximum RMS spot radius of TMA with freeform sensor in the full field of view is reduced to 3.7μm when compared with TMA #1(29μm); the maximum PV sag departure in the three mirrors of TMA #2 is decreased by 15.7%, while that of TMA #4 is lowered by nearly 50% when that of TMA #1 was used as a reference; In addition, the sensitivity of surface error of detector is much lower than that of mirror surfaces.

According to the results summarized above, we can conclude that the freeform sensor has three main advantages:

1. Freeform sensor can further improve the imaging performance of the off-axis optical system.

2. Freeform sensors help to reduce the complexity of the mirror surface, finally ease the manufacturing and testing pressure of the mirrors.

3. The increase of the sensor surface complexity will not introduce difficulties in its fabrication.

Such brilliant features make freeform sensors as a great potential to be used in CubeSat missions, like space weather monitoring, solar system planets surveillance etc. And next step of the research will be exploring the limitation of sensor surface slope, to ensure the manufacturability of sensor with complex surface shape.
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 1 Figure 1. the layout of the TMA with freeform sensor after optimization
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 2 Figure 2. Comparison of RMS Spot Radius between different versions of TMA

Figure 3 .

 3 Figure 3. the plot of Zernike polynomials(left) and Radial derivatives of Zernike polynomials(right) for n = 0, 1, 3, 4, 6, 8.
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 4 Figure 4. sag deviation from best fit sphere of mirrors and senor of TMA #4(From left to right are M1, M2, M3 and Sensor).
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 5 Figure 5. The diagram of defocus, radius of curvature error and surface irregularity on the detector The relation between defocus distance △Z and error of curvature radius of sensor surface is

Figure 6 .

 6 Figure 6. The sensitivity of curvature radius error and surface irregularity on mirrors and sensor

Table 1 .

 1 . General parameters of the TMA telescope

	Parameter	Value
	Effective focal length	250 mm
	Entrance pupil diameter	100 mm
	Field of view	7.0 x 7.0 °
	Reference wavelength	550 nm

Table 2 .

 2 Freeform surface complexity comparision between different version of TMA telescopes

			PV Sag Departure(μm)			Max Slop Departure	
		#1	#2	#3	#4	#1	#2	#3	#4
	Mirror1	219.0μm	207.0μm	114.0μm	136.0μm	9.43E-03	7.26E-03	4.52E-03	5.23E-03
	Mirror2	274.0μm	89.5μm	24.6μm	36.3μm	7.58E-03	3.59E-03	1.48E-03	1.58E-03
	Mirror3	114.0μm	231.0μm	181.0μm	139.0μm	2.96E-03	8.06E-03	6.74E-03	5.50E-03
	Sensor	--	--	181.0μm	92.9μm	--	--	4.55E-02	5.44E-03
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