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Minimizing system size and weight without sacrificing the desired imaging performance is a crucial and chal-
lenging goal in the design of off-axis optical systems. In this paper, we propose a design concept that combines
freeform mirror and freeform detector to achieve more compact off-axis optical systems. Initially, by applying
nodal aberration theory, the optimal focal surface shape for off-axis systems is demonstrated to be an off-axis
paraboloid or even a freeform surface, rather than the commonly assumed spherical shape. Subsequently, we
show the ability of the design concept to reduce off-axis system volume through a design example of a fast and
wide-field off-axis three-mirror system. Results indicate that, under the same design parameters and imaging
quality, the design with a freeform detector is 80% smaller than that with a flat detector in terms of volume.
Finally, the bending capability of the freeform detector presented in this paper is ensured through finite element
analysis, and its surface accuracy is achievable based on the current precision level of curved detector fabrica-
tion. The proposed design concept holds promise for application in planetary science, where the imaging per-

formance of the instrument is highly required and the size and weight are strictly limited.

1. Introduction

Off-axis reflective optical imaging systems offer numerous advan-
tages, such as no chromatic aberration, no obscuration, high trans-
mittance, and good thermal stability [1]. Therefore, they are applied in
various fields including astronomical telescopes [2], spectrometers [3],
optical remote sensing [4], and lithography [5]. However, the rota-
tionally variant aberrations in off-axis systems cannot be effectively
corrected by spherical or aspherical optical elements with rotational
symmetry [6]. This has led to the design of off-axis systems being limited
to narrow fields of view, large F-numbers, and often accompanied by
large volumes [7]. Fortunately, the development of freeform optics has
changed this scenario. By adding more degrees of freedom to optical
mirror surfaces, the various rotationally variant aberrations present in
off-axis systems are well corrected [8]. Thus, their application has
greatly improved the field of view, F-number, and compactness of
off-axis systems [9-11]. Nevertheless, freeform optics are not a universal
solution for correcting all aberrations. Despite their substantial surface
freedom, the correction of field curvature still relies on the traditional
flat-field condition [6]. This condition necessitates that the sum of the

optical powers of all mirrors be near zero to obtain a flat image plane
compatible with commercial detectors. Consequently, flat-field condi-
tion somewhat constrains the parameter space reachable by freeform
off-axis optical systems [12]. Bauer explored the minimum volume
achievable by freeform off-axis three-mirror systems under different
optical parameters [13]. While how to further break through the volume
boundary of the current freeform off-axis systems is still a challenging
problem.

In fact, the release of flat-field constraints can be achieved by using
curved detectors, which can compensate for the field curvature aber-
ration of optical systems directly at the focal plane position [14].
Therefore, their use can help simplify optical systems or improve system
imaging performance. Over the past 15 years, several research in-
stitutions and companies, including Stanford [15,16], ESO [17,18],
CEA-LETI [19,20], LAM [21,22], Sony [23], and Microsoft [24], have
developed different methods to bend monolithic silicon to manufacture
curved detectors. These curved detectors exhibit comparable photo-
electric performance to flat detectors [25], and they find applications in
astronomical telescopes [26,27], ultraviolet aurora monitoring [28],
cerebral cortex imaging [29], and commercial lenses [30]. It is worth
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noting that current research on curved detectors primarily focuses on
spherical detectors, while overlooking the complexity of optical system
focal surface. Specifically, when an optical system is tilted or decen-
tered, the field curvature aberration no longer possesses rotational
symmetry, and the aberration distribution becomes complex [31]. In
such cases, spherical detectors cannot adequately compensate for such
irregular field curvature aberration, and the residual field curvature
aberration correction still requires optical elements to handle. Muslimov
designed an off-axis three-mirror telescope using toroid detector [32,
33], where only two cross-sections of the focal surface are considered,
but no information is given about the exact shape of the entire focal
surface in off-axis optical systems. It can be anticipated that if this
irregular field curvature aberration can be adequately compensated for
by a certain shape of curved detector, then the potential of freeform
off-axis optical systems can be fully unleashed, thereby achieving
smaller and lighter optical systems.

In this paper, we propose combining freeform mirror and freeform
detector in the design of off-axis systems aiming to further reduce the
system size and weight. The design concept leverages the complemen-
tary nature of the two technologies in terms of aberration correction,
allowing the freeform detector to correct the irregular field curvature of
off-axis systems, while the freeform mirror corrects other optical aber-
rations. In addition, in this study we pay special attention to applications
in the field of planetary science, where the performance of imaging in-
struments is often highly demanding while their size and weight are
strictly limited. In the beginning of the study, we analyze the optimal
focal surface shape for off-axis systems through nodal aberration theory
and mathematically prove that freeform detector can more adequately
compensate for the irregular field curvature in off-axis systems. Subse-
quently, an off-axis three-mirror optical system design (12.4° diagonal
field of view and fast aperture of F/2) is taken as an example to
demonstrate the ability of the proposed design concept in reducing the
size of off-axis optical systems. The design results are given by a
comparative study between three designs based on flat, spherical and
freeform image surfaces respectively. Furthermore, the manufactur-
ability of the freeform detector is evaluated based on the mechanical
limits of the material and the current precision level of detector curving
technology to ensure its successful fabrication. Finally, we discuss the
potential of the proposed design concept to extend the parameter space
of optical imaging instruments in the field of planetary exploration.

The remainder of this paper is organized as follows. In Section 2, the
theoretical analysis of the optimal focal surface shape for off-axis optical
systems is presented. In Section 3, the optical design and simulation
results of the off-axis three mirror optical system are detailed. In Section
4, the manufacturability of the freeform detector is evaluated. In Section
5, the application perspectives of the proposed design concept are dis-
cussed. Finally, a summary is given in Section 6.

2. Optimal focal surface shape for off-axis optical systems

In this section, the optimal focal surface shape for off-axis optical
system is analyzed and illustrated. When optical system transitions from
coaxial to off-axis, the traditional scalar aberration theory are no longer
applicable. Instead, the vectorial nodal aberration theory is adopted
here as a tool to analyze the best focal surface shape for off-axis optical
imaging systems. Nodal aberration theory, discovered by Shack and
developed by Thompson, describes the two-dimensional aberration field
behavior of asymmetric optical system with rotationally symmetric
components. In this theory, the field curvature aberration is described
by medial focal surface rather than Petzval surface that commonly used
with Seidel aberrations. It is the surface upon which the minimum RMS
wavefront is measured. And the reference axis used in asymmetric sys-
tems called optical axis ray (OAR), which is defined as the ray that
passes through the center of the image plane and the pupils for all the
surfaces in the system. Additionally, the field point anywhere in the
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image plane is located by the vector fI, which starts from the intersection
point of OAR with the Gaussian image plane. Similarly, the aperture

point in the exit pupil can be located by the vector p and starts from the
intersection point of OAR with the exit pupil plane.

From Thompson’s work, we know that the wave aberration field of
third order field curvature can be expressed by equation (1) [31]. Where
Wagom represents the third-order wave aberration coefficient of field

curvature measured at the medial focal surface. Hapop represents the

effective field height vector originating from the vector azzoM, SO we

have Hosonr = H— asgom. Vector asson and scalar basgy are normalized
parameters associated with the tilt and decentration of each component

Ej in the system, speciﬁcally azgoM = Z szong/W220M, bZZOM =
Z W220Mj (E] Ej) /W220M — azzoM~2220M. It is found that the third order

field curvature aberration field in asymmetric systems have one node

that is out of the field center and located by amM. When optical system
is rotationally symmetric, Wosonr and baogyr become zero, then Hasopy is

equal to H, so the vector equation for field curvature wave aberration
simplifies into the familiar scalar form WogouH?p?.

Wnormalized third order field curvature = W220M |:<H220M'H220M> + b220M:| (577) (1)

In addition, the third order plus fifth order field curvature wave
aberration is also presented to show the influence of high order aber-
rations on field curvature aberration field. In equation (2) [34], Wasoue
denotes the third-order wave aberration coefficient of field curvature
affected by the fifth-order term Wiy, and Wosomr = Wasom +

4Waz0mbazon. Besides fIQQOME, ooomr and baoour are the corresponding
adjusted vectors, they are different from those used in the third-order

wave aberration equation (1), and the vector Haxgyg originates from

the vector dasoums. Additionally, W0y represents the fifth-order wave
aberration coefficient of field curvature measured at the medial focal

surface. Hyoy is the effective field height vector originating from the

vector asoom, SO Hasonr = H— Qaoom. Qaoom and bgson are normalized
vectors in fifth order term and associated with the tilt and decentration

of optical component ; in the off-axis system. From equation (2), three

collinear zeros ausoy and aysgy + i\/iguw are found in the second term,
which are the three nodes in fifth order field curvature aberration field.
Similarly, in the rotationally symmetric system, the vector parameters
that are related to system tilt and decenter become zero, equation (2)
degenerates into the scalar form of WagoupH?p? + WisonH*p?.

Wnormalized third order plus fifth order field curvature

= WZZOME |:<;1220ME'I§220ME> + bZZOME:| (/ 2) (2)

2 =2 =2 N
+Wizom |:(H420M + 2b420M) ’H420M:| (p-p)

Now, the aberration field behavior of field curvature is obtained from
the vectorial wave aberration equation for asymmetric systems. It has
one node that out of the field center under the assumption of third order
aberration, and three colinear nodes will be generated when considering
the influence of fifth order aberration. Then, the wave aberration of field
curvature is transformed into longitudinal field curvature aberration for
a more intuitive grasp of the best focal surface shape of off-axis systems.
Because the longitudinal field curvature is defined as the deviation of the
best focal surface from the Gaussian image plane, so it gives geometric
expressions for the best focal surface shape. Here, the relationship be-

tween the wave aberration W and the transverse aberration ¥ as well as
the geometric conversion between transverse aberration and longitudi-
nal aberration & are established in equation (3) for aberration
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transformation. Where VW represents the gradient of wavefront, n’
denotes the refractive index of the medium in image space, and R is the
radius of the reference sphere in the exit pupil.

o N
R-wW~

VW:/i\alVJ,_}'\a_: _
dp ap,

x

3
- o ?
¥ =4dsinu =o6—
R
By substituting equation (1) and equation (2) into equation (3)
respectively, we can obtain the longitudinal aberration of field curvature
under the assumption of third-order aberration and the combined effect
of low-order and high-order aberrations. Here, we assume that the off-
axis system is symmetric about a certain plane, such as YOZ plane,
given that most off-axis systems adopt this form. Therefore, the vectors

@220m> A220mE, dazom and baaoy associated with system tilt and decentra-
tion are all oriented at an angle of zero relative to the Hy-axis, and ibsonm

is positioned at an angle of 90 with respect to 3420M. For a clear under-
standing, the third order node and fifth order nodes in the tilted/
decentered systems that are symmetric to YOZ plane are drawn in Fig. 1
(a). Now, the longitudinal aberration of field curvature can be written
into scalar forms to provide the general representation of the optimal
focal surface for off-axis systems. Equation (4) and equation (5) are the
third-order longitudinal field curvature and the joint influence of the
third-order and fifth-order on the longitudinal field curvature, where the
parameter dxsom, A20mE, Aa2om and bysoy are the modules of the vectors

Qa20m, A220ME, Aazom and banoy respectively.

5num[alized third order field curvature

2-R?

2 2 “)
o “Wazom [x + (y — a220m)” + b220M]

5nunnalized third order plus fifth order field curvature

2.R2 Waszome [xz + - azzonxus)2 + bzzoms]

Optics Communications 565 (2024) 130675

eccentric from the field center by a distance of asoy, and it is also
longitudinally shifted from the Gaussian image plane by a distance of
2R?Wasombazon. According to the first term of equation (5), the vertex
location and curvature of the off-axis paraboloid-shaped focal surface
are altered due to the influence of the fifth-order aberration. Further-
more this new off-axis paraboloid also exhibits a certain degree of
distortion due to the influence of quartic term, with the shape and
magnitude of the distortion determined by the three nodes of the fifth

order term dusom, Gazom % iv2bason and wave aberration coefficient of
fifth order field curvature Wixoy. Therefore, under the influence of high
order aberrations, the best focal surface becomes more complex and
exhibits a freeform shape. This typically occurs in multimirror systems
with large fields of view/aperture. Fig. 1(b) and (c) plot the contour
maps of the best focal surface shape under third-order aberration alone
and when considering the higher-order aberrations created by equation
(4) and equation (5) respectively. Similarly, for the systems with rota-
tional symmetry, the best focal surface is a paraboloid under third order
assumption and an asphere when high order aberrations exist, because
the parameters that are related to the component tilt/decenter is zero.

3. Off-axis three-mirror system design

In this section, an off-axis three-mirror system is used as an example
to explore the advantages of combining freeform mirrors with a freeform
sensor in reducing the system volume. For comparative analysis, off-axis
three-mirror systems based on flat, spherical, and freeform image sur-
faces are designed separately under the same design parameters.

3.1. Design parameters

Here, we consider planetary science as a potential application and
focus on flyby missions for solar system object exploration [35,36]. This
implies that the system needs to cover a wide area of the object in a

)

n +Wazom [(X - \/51)4201\/1) (X + \/§b420M) +(y— a420M)2] . [xz +(y— £1420M)2

Based on equation (4), it becomes evident that under the approxi-
mation of third-order aberration, the best focal surface of off-axis optical
systems takes the shape of an off-axis paraboloid. This paraboloid is

limited time and have a wide spectrum range to obtain information on
different aspects of the object. Therefore, a fast, wide-field reflective
optical system is preferred. In addition, such missions place high de-
mands on the size and weight of the instrument, so we expect all three

Hy
£ Gozoum
Hx
a7 ez
=iV 2bgonr |~ 14/ 2 basonr
A 420M
(a)

(b)

(c)

Fig. 1. Nodal orientation of field curvature aberration and optimal focal surface contour maps for tilted/decentered systems symmetrical to the YOZ plane. (a) The
orientation of third-order node (blue) and fifth-order nodes (red); (b) Contour map of the off-axis parabolic focal surface created by equation (4); (c) Contour map of

freeform focal surface created by equation (5).
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Table 1

Design parameters of the off-axis three-mirror system.
Parameter Value
Entrance pupil diameter 100 mm
F number 2.0
Field of view 12.4°(diagonal)
Reference wavelength 550 nm
Enclosed energy >90% per pixel
Distortion <2%

designs in this study to be optimized to their minimum volume while
meeting the required imaging performance. The detailed design speci-
fications are listed in Table 1, and the detector used is the GIGAPYX
4600 CMOS full-frame sensor (46 megapixels, 4.4 pm pitch). It should be
noted here that these parameters were chosen based on previous flyby
missions with enhanced field-of-view and F-number parameters and are
therefore a good candidate for demonstration purpose.

3.2. Optical system design

In the work presented here, a set of Zernike fringe polynomials is
employed to describe the freeform surfaces in the optical system. As
Zernike polynomials have a direct connection to optical aberrations,
they enable optical designers to conduct controlled optimization of the
freeform surfaces with the help of aberration theory. This aids in
limiting the overall freeform departure of a surface, ultimately reducing
system sensitivity, fabrication costs, and testing difficulties. The sag, z,
of a Zernike freeform surface is mathematically represented in equation
(6), where c is the curvature of the base sphere, k is the conic constant,
is the radial coordinate of the surface, p is the normalized radial ray
coordinate, and ¢ corresponds to the angular ray coordinate, N is the
number of Zernike coefficients, A; represents the coefficient of the ith
Zernike Fringe polynomial Z;.

2 N

s AiZi(p, p) (6)
1

= +
1+/1I-(1+ker &

The “zigzag” geometry is adopted in this paper to design three off-
axis systems based on different image surface shapes. The “zigzag” ge-
ometry, as proven by Bauer [6], is considered the optimal configuration
for realizing freeform optical devices compared to other geometries. It
enables the most performant and compact designs. Therefore, this
structure ensures that all three systems achieve the desired imaging
quality without being constrained by the design geometry while main-
taining a smaller overall volume.

Firstly, the off-axis three-mirror system based on flat image surface is
designed. In the initial optimization phase, the nodal aberration theory
based on freeform surfaces [37] is employed to guide the design of the
freeform mirror surfaces and to accelerate the convergence of the
evaluation function. Specifically, when the ith Zernike coefficient is
large and remains field constant, the coefficient A; of the freeform sur-
face at the stop or pupil is preferentially released as the optimization
variable. If the ith Zenlike coefficient is field dependent, we release the
coefficients A; on freeform surfaces that are displaced longitudinally
away from the stop or pupil in preference. Subsequently, other Zernike
coefficients symmetric to the Y-axis are progressively released up to the
28th to meet the required imaging quality. Next, minimizing the system
volume can be accomplished by a reduction in any of the three system
dimensions without sacrificing imaging performance. The stepwise
optimization is used in the design process to avoid getting trapped in
shallow local minima. Additionally, the distortion requirements,
first-order optical constraints and implicit flat-field conditions are
needed to be met throughout the design process. Simultaneously, the
distances between rays and mirrors, as well as between two adjacent
mirrors are controlled to be greater than 10 mm to avoid obscuration
and mirror interference.

P4
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When designing the off-axis three-mirror system based on spherical
image surface, field curvature is compensated by the curved image
surface. The initial curvature of the image surface is obtained by
calculating the Petzval curvature, and in the subsequent optimization
process, it is treated as a variable and automatically optimized by al-
gorithm for the optimal image surface curvature of the system. Then, the
volume of the system is continuously reduced to its minimum using the
same method as for the design with flat image surface. In the freeform
image surface-based design, we use the design of the spherical image
surface as a starting point. In the process of minimizing the volume of
this system, the astigmatism and coma terms are first added to the image
surface to enhance the imaging performance. This is because the devi-
ation of the off-axis paraboloid from its best-fit sphere is primarily
composed of astigmatism and coma [38]. Afterwards other Zernike
terms symmetric to the Y-axis are successively added up to 16th to
perturb the shape of the image surface until the desired imaging quality
is achieved. Care must be taken during this process to avoid excessive
sag and slope in freeform image surface, which can lead to detector
breakage failure during bending, and if necessary, a sum-of-squares
penalty of the Zernike coefficients can be applied to constrain the
slope of the surface [39].

Based on the design strategies outlined above, we obtain the design
results after optimization for three different systems. Since the imaging
quality of the three designs is comparable, only the imaging quality
evaluation graphs for the design based on freeform image surface are
present here. Fig. 2 shows the enclosed energy curves, modulation
transfer function (MTF) curves, and distortion map respectively. The
enclosed energy for all three designs is greater than 90% within one
pixel. The MTF graph intuitively demonstrates the imaging capability of
the systems, with all three designs achieving near diffraction limited
imaging performance, which is consistent with the results of the
enclosed energy plot because of the small pixel size of the selected de-
tector. Additionally, the calculated maximum distortion based on the
design with flat, spherical and freeform image surface are 1.7%, 1.6%,
and 1.0% respectively, meeting the design requirements.

Fig. 3 illustrates the obtained minimum volume of the three systems
while meeting required imaging performance. The minimum volume for
the flat detector design is 49.97L. By directly compensating for field
curvature aberration with spherical and freeform detectors, the volume
of the off-axis three-mirror system is reduced to 19.85L and further to
9.86L, around five-fold reduction in volume. The results show that the
curved detector, whether spherical or freeform shape, can highly
compress the size and weight of the freeform off-axis three-mirror sys-
tem, and the design based on freeform image surface shows a smaller
system volume than the design based on spherical image surface. As
stated in Section 2, the optimal focal surface shape for off-axis systems is
complex and does not have rotational symmetry, so the freeform-shaped
image surface can better compensate for this irregular field curvature
aberration in off-axis systems.

To give a basic understanding of the surface complexity of the
resulting optical surfaces in the three designs, the surface sag departure
and slop departure of all the freeform mirrors after removing the best fit
sphere (BFS) are shown in Table 2. The maximum peak-to-valley (PV)
departure among all the mirrors in three designs is about 350 pm, and
the maximum slope departure for all the mirrors not over 0.5°. Smaller
sag and slope values represent that the freeform surfaces are much easier
to be fabricated and tested.

From the off-axis three-mirror system design results, it is evident that
spherical/freeform detectors can greatly reduce the size of freeform off-
axis systems. Therefore, in situations where freeform mirrors are unable
to meet the required volume specifications for a system, considering
spherical/freeform detectors could be a viable solution to obtain the
desired performance while achieving a more compact packaging
volume.
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Fig. 2. Optical imaging quality evaluation graphs based on the design of freeform image surface. (a) The enclosed energy curves over the full field of view; (b) the
modulation transfer function curves over the full field of view, in which the solid line represents the MTFs in meridional direction and the dashed line represents the
MTFs in sagittal direction; (c) the distortion map calculated based on the curved image surface, in which the blue dots represent the ideal position of the image point
and the red stars represent the real position of the image point, and the distortion shown in the map is scaled up by a factor of 5 for visualization.

e g o P

Design with flat image surface Design with spherical image surface Design with freeform image surface
(385mmx440mmx295mm=49.97L) (270mmx350mmx210mm=19.85L) (200mm x290mmx170mm=9.86L)

Fig. 3. Optical layout and volume parameters for three designs based on flat, spherical and freeform image surfaces, respectively. The distance between the ray
starting point and the center of the first mirror is set to the same value (400 mm) for all three designs in order to highlight the dimensional differences among the
three designs. The small area near the focal surface is magnified by a factor of 3 for all three designs to obtain a better visual effect.

Table 2
Mirror surface complexity of the three designs with flat, spherical and freeform image surface.
PV Sag Departure (pm) Max Slope Departure (°)
Flat sensor Spherical sensor Freeform sensor Flat sensor Spherical sensor Freeform sensor
M1 76 59 123 0.09° 0.08° 0.20°
M2 174 69 67 0.42° 0.36° 0.23°
M3 354 163 140 0.30° 0.37° 0.45°

Table 3
Surface error tolerance results of mirrors and sensor for the design of freeform image surface.
Curvature radius error RMS surface figure error
AR A Enclosed energy RMS Surface irregularity A Enclosed energy
M1 2 fringes 0.022 50 nm 0.022
M2 3 fringes 0.014 30 nm 0.080
M3 4 fringes 0.010 50 nm 0.040
Image surface 20 fringes 0.010 6 pm 0.012
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3.3. Sensitivity analysis

Taking the design based on freeform image surface as an example, a
root sum square (RSS) sensitivity analysis is performed on the mirror
fabrication errors and the system assembly errors to evaluate the as-built
performance of the design. The determination of tolerance values is
based on the criterion that the closed energy across the full field of view
is greater than 90% within two pixels. In the RSS sensitivity analysis, the
system is individually perturbed with each tolerance. The resulting
performance drop is calculated after applying a detector refocus as a
default compensator. The RSS of all performance drops is taken and
subsequently added to the nominal performance of the system to yield
the predicted as-built performance.

The assembly tolerances used here consist of mirrors and detector
tip/tilt of £0.17 mrad, clocking of +0.3 mrad, X/Y decenters of +0.02
mm and air thickness of +0.05 mm. The compensator refocus is within
+0.06 mm. There is a huge difference between the surface error of
freeform mirrors and curved freeform detector, which are detailly listed
in Table 3. The curvature radius errors of the three optical mirrors must
meet the accuracy of at least 4 fringes, while the curvature radius
tolerance of the detector is only 20 fringes at the testing wavelength of
632.8 nm. The required root-mean-square (RMS) surface figure error for
optical mirrors is at least 50 nm, but for detector 6 pm RMS surface
figure error is enough. It is found that the required surface precision for
freeform detectors is quite lower than that for freeform optical mirrors,
differing by at least two orders of magnitude. This is because the surface
tolerance of the image surface is determined by the allowable defocus of
the system, but the surface error of the optical mirror will cause drastic
changes in various aberrations. The tolerance values presented here are
feasible according to current high-precision manufacturing techniques,
and the tolerance values can be further loosened by adding one more
compensator in the system, like mirror or detector tip/tilt.

4. Manufacturability of the freeform detector

A standard COMS sensor consists of a silicon die glued on a ceramic
package. Wire bonding from the die to the package surface provides the
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electrical connections. Finally, a glass window protects the sensor sur-
face from mechanical or environmental solicitations. For a curved
sensor, several changes are required to adapt this standard structure.
First, the sensor is thinned with a grinding equipment to make the sensor
mechanically “flexible”, then they are glued onto a curved substrate. The
required shape of the CMOS is, hence, due to the shape of the substrate.
The sensors are then wire bonded keeping the packaging identical to the
standard flat sensor [25].

In the manufacturing process of curved detectors, the bendability of
the silicon die is a primary and critical issue, it determines whether the
detector will fail or survive when curved into a certain shape to a large
extent. To ensure that the silicon die does not break when bending into
the required freeform shape during curving process, the finite element
simulation is needed to analyze the mechanical behavior of the curved
silicon die. Here we present the two kinds of breakage limits generally
used in the sensor curving process according to different die pre-
treatment [40,41]. The first criterion (6lpaxy <200 MPa) is the
breakage limit with standard grinding and dicing. The second criterion
(61max2 <500 MPa) is the breakage limit with an advanced grinding
process and die preparation. We chose 200 MPa mechanical limit as the
criterion for evaluating the bending capability of freeform curved sensor
in this paper.

According to the theory of plates and shells [42], the stress of the
curved silicon die depends on its geometrical parameters: size, thickness
and curvature. The detector mechanical dimension is 40.36mm x 41.22
mm and it is thinned to 150 pm before curving to ensure its elasticity.
Therefore, the successful preparation of the final detector depends on
the shape into which it is bent. To answer this question, a 2D shell model
is created firstly with a free edge boundary condition applied at the die
center (p, 6, 2) = (0, 0, 0) to prevent rigid-body motion during simula-
tion. Then, the freeform shape is generated by applying a vertical
displacement z = f (p, 0) to the silicon die. After performing the
nonlinear analysis on the 2D shell elements, we obtain the stress dis-
tribution of the silicon die when bent into the freeform shape.

After removing base sphere, the freeform image surface is mainly
composed of primary astigmatism terms, primary coma terms, and
secondary coma terms. These Zernike terms eventually distort the image
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Fig. 4. Sag maps and stress distribution maps for silicon dies bent into three different shapes: a spherical shape, a shape containing only Zernike terms, and a
freeform shape. The freeform shape is formed by the superposition of the base sphere and Zernike terms. First column (al, b1, cI): Sag maps of the silicon dies.
Second column (a2, b2, c2): Stress distribution maps on the convex side of the silicon dies. Third column (a3, b3, ¢3): Stress distribution map on the concave side of

the silicon dies.
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surface into an irregular surface. The base sphere, Zernike terms and the
final freeform shape are shown in Fig. 4(al), (b1) and (c1) respectively.
The freeform image surface has a certain degree of eccentricity, and the
contour of the surface is not a circle due to the influence of high-order
field curvature.

Fig. 4 shows the stress distribution when the silicon chip is bent into
a base spherical surface, a Zernike surface, and a freeform surface
composed of the two. It can be found that there is a certain degree of
similarity in the mechanical behavior of the silicon chip that is bent into
spherical shape and freeform shape. Although the image surface is not a
perfect sphere, it still maintains obvious unidirectional curvature char-
acteristics, that is, the sign of the curvature value on one side of the
monolithic silicon is always the same and has no curvature reversal.
Therefore, the convex side is under tension everywhere (the stress value
is positive) and the concave side is under compression everywhere (the
stress value is negative). However, the stress distribution in the bending
state of the freeform shape is not symmetrical. Its stress distribution is
the superposition of spherical bending and Zernike bending. As shown in
the red dashed box in Fig. 4(c2), the areas with higher stress values on
the silicon die are at the center and the upper two corners, which
correspond to the areas where the maximum stress is located in Fig. 4
(al) and (b1) respectively. The same is true for the blue dashed box in
Fig. 4(c3). In addition, it can be seen from the stress distribution in the
Zernike bending state that even though the sag introduced by Zernike
terms is much smaller than that of the base sphere, its stress value is
equivalent to that of the base sphere. Therefore, large sag departure or
slope departure should be avoided in the design of freeform image
surface, because this may cause large local stresses, which will eventu-
ally lead to fracture failure of the detector when bending.

The finite element analysis results indicate that the detector can be
successfully bent into the freeform shape designed in this paper without
experiencing breakage. Furthermore, considering the experimental
measurements of spherical sensors available in our laboratory [27],
where curvature radii can reach +£0.1 mm and RMS surface irregularity
can achieve 1 pm, it is evident that the tolerance of the designed free-
form sensor in this study is achievable based on the results of Table 3,
and this will be validated once the freeform sensor is manufactured and
tested.

5. Discussion

In this section, we discuss the impact of the proposed design concept
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Fig. 5. Scatterplot of the parameters of optical imaging instruments in the field
of planetary exploration in recent decades [35,36,43-46] and the parameters of
our design in this paper (marked by red asterisks). Horizontal axis: Resolution;
Vertical axis: Field of view; Circle size: Relative aperture; Circle color: System
volume (optical system only); M: reflective structures; L: refractive structure;
ML: catadioptric structure; Launch year follows structure label. Volume values
are shown in brackets, with unknown volumes unfilled with colors.
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on the parameter space of imaging instruments in the field of planetary
exploration. Fig. 5 lists some of the optical performance parameters and
volume parameters of imaging instruments that have been used for
missions exploring solar system objects in recent decades. The hori-
zontal axis represents the angular resolution of the instrument, the
vertical axis represents the field of view, the size of the circle represents
the relative aperture, and the color of the circle represents the volume of
the system. Additionally, ‘M’ indicates that the instrument is a reflective
structure consisting of mirrors, ‘L’ indicates a refractive system con-
sisting of lenses, and ‘ML’ indicates a catadioptric structure. In the
figure, our off-axis three-mirror system based on the proposed design
concept is marked with a red asterisk for comparative analysis. It should
be noted here that the discussion primarily focuses on flyby and orbiter
missions, excluding considerations for landers and rovers. Conse-
quently, the instruments listed in the figure typically cover a broad
spectral range, spanning from UV-visible to near-infrared bands, and
most of them feature reflective structures. Next, we compare and
analyze these instruments in terms of volume, relative aperture, field of
view and resolution, respectively.

In terms of volume, these instruments are generally relatively small,
with more than half of them being less than 15 L in size. The smallest
volumes can be found in refractive systems (labelled L), which have a
large field of view but low resolution. The opposite is true for reflective
configurations, which typically have high resolution but small fields of
view and relatively large volumes. Comparing M2004 and 1.2004 [43], it
can be seen that the reflective system has to sacrifice size in order to
achieve the similar field of view. In addition, the resolution of M2004 is
not high because the field of view and the resolution of the instrument
are usually limited by the system size and optical aberrations and thus
cannot be satisfied at the same time. In contrast, our design achieves
higher resolution at approximately the same field of view with a larger
relative aperture while keeping the volume relatively small, whereas the
freeform three-mirror system design based on a flat detector requires a
much larger volume (~50L).

Regarding relative aperture, higher values are also achieved at the
expense of volume, as in the case of the ML2023 [44] and L1997 [45].
But the design in this paper not only achieves a relative aperture similar
to that of the ML2023, but also has a larger field of view and higher
resolution, and notably, a smaller volume.

In terms of field of view and resolution, it is found that some of the
earlier instruments in this field have relatively poor optical performance
due to the limitations of the technology level at that time. However, as
the technology has evolved, the imaging performance of the instruments
has climbed and is gradually approaching the upper left corner of the
figure, i.e., large field of view and high resolution. But it is obvious that
the parameters of these instruments are stopped by an invisible
boundary and cannot advance further. The design presented in this
paper can further break through this limitation and achieve better im-
aging performance with relatively small size and large relative aperture.

Through the above analyses, it can be concluded that the proposed
design concept in this paper can improve the performance of the system
while maintaining a relatively small volume, and thus can broaden the
parameter space of the instruments in this field to a certain extent. So it
will provide a feasible solution to achieve higher imaging performance
for future planetary exploration missions.

6. Conclusion

To further enhance the compactness of off-axis reflective optical
imaging systems, this paper introduces an innovative approach by
combining freeform mirrors with a freeform detector in the design of oft-
axis systems. Firstly, nodal aberration theory is adopted to analyze and
demonstrate that the optimal focal surface shape for off-axis systems is a
freeform surface rather than a perfect sphere. Secondly, an off-axis
three-mirror system is taken as an example to show the advantages of
the proposed design in reducing the volume of off-axis systems. The
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three systems based on flat, spherical, and freeform detectors are
respectively designed under the same imaging parameters: a 100 mm
aperture at F/2 and a 12.4-degree diagonal field of view. The design
results indicate an 80% reduction in system volume with the use of
freeform detector compared to the flat detector design. This ultimately
allows the off-axis three-mirror system to achieve near-diffraction-
limited imaging quality within a compact 10L volume. Thirdly, the
mechanical behavior of the curved silicon chip is analyzed through finite
element simulation, ensuring that the silicon chip can be smoothly bent
into the designed freeform shape without facing fracture failures.
Furthermore, the surface precision required for the freeform detector is
at least two orders of magnitude lower than that for the freeform mir-
rors, and which is achievable given the current level of curved detector
manufacturing. This will be further proved once the freeform detector is
fabricated and tested in the laboratory. Finally, we show the ability of
the proposed design concept to expand the parameter space of scientific
imaging instruments in the field of planetary science. This concept can
achieve higher performance imaging systems within relatively small
volumes, thus offering feasible solutions for future planetary exploration
missions. In addition, it can also be applied in other space science fields
such as Earth observation, space weather monitoring, astronomical
telescopes, and more. We anticipate that the presented design concept
will open up more possibilities for the design of demanding off-axis
optical systems.
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