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ABSTRACT   

The JANUS (Jovis, Amorum ac Natorum Undique Scrutator) will be the on board camera of the ESA JUICE satellite 
dedicated to the study of Jupiter and its moons, in particular Ganymede and Europa.  This optical channel will provide 
surface maps with plate scale of 15 microrad/pixel with both narrow and broad band filters in the spectral range between 
0.35 and 1.05 micrometers over a Field of View  1.72 × 1.29 degrees2.  The current optical design is based on TMA 
design, with on-axis pupil and off-axis field of view. The optical stop is located at the secondary mirror providing an 
effective collecting area of 7854 mm2 (100 mm entrance pupil diameter) and allowing a simple internal baffling for first 
order straylight rejection. The nominal optical performances are almost limited by the diffraction and assure a nominal 
MTF better than 63% all over the whole Field of View. We describe here the optical design of the camera adopted as 
baseline together with the trade-off that has led us to this solution. 
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1. INTRODUCTION  
The JUICE (JUpiter ICy moons Explorer) satellite of the European Space Agency (ESA) [1] is dedicated to the detailed 
study of Jupiter and its moons. It is planned for launch in 2022 and arrival at Jupiter in 2030. Throughout the mission 
JUICE will map the Galilean satellites, observe Jupiter's atmosphere and magnetosphere, small moons and the 
interaction of all four Galilean satellites with the gas giant planet. The spacecraft will perform a dozen flybys of Callisto, 
the most heavily cratered object in the Solar System, and will fly past Europa twice in order to make the first 
measurements of the thickness of its icy crust. JUICE will end up in orbit around Ganymede, where it will study the 
moon's icy surface and internal structure.  

To fulfill all the scientific goals, eleven instruments will be on board of JUICE ranging from cameras to spectrographs, 
laser altimeters and magnetometers. Among the whole instrument suite, JANUS (Jovis, Amorum ac Natorum Undique 
Scrutator) is the camera system of JUICE [2] [3]. It will map the surface of the icy moons of Jupiter and, in the case of 
Ganymede, will perform a full global mapping of the satellite with a resolution of 400 m/px. JANUS will also observe 
other targets in Jupiter system, e.g. the atmosphere of the giant planet, rings and the other satellites, including Io [4]. 
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The optical solution proposed for JANUS is a three-mirror anastigmat (TMA) with on-axis pupil and off-axis field of 
view. The system is somehow similar to the one used for the Narrow Angle Camera of ROSETTA [5] and makes use of 
two aspheric mirrors to correct for third-order aberrations. The secondary mirror of the telescope has been kept spherical 
to reduce manufacturing complexity and relax alignment tolerances. The nominal performance in terms of polychromatic 
merit function is 63% or better over the whole field of view. In the following sections we describe the choices made for 
the optical design and the performance of the system. 

2. TELESCOPE DESIGN 
2.1 Requirements 

In order to fulfill the scientific requirements for JANUS the optical system should met the following prescriptions (Table 
1): an entrance pupil diameter (EPD) of 100 mm, a field of view (FoV) of 1.72 × 1.29 degrees2 with a plate scale of 15 
microrad/pixel and a spectral range from 0.35 to 1.05 micrometers. The choice of the detector, a 2000 x 1504 pixel E2V-
CCD with 7 µm pixel pitch, along with the plate scale requirement, sets an effective focal length of 467 mm. The 
resulting F ratio of the system is quite fast: F/# = 4.67.  

 
Table 1. Optical prescriptions for the JANUS camera 

 
Specification Value 

Entrance Pupil Diameter 100 mm 
Effective Focal Length 467 mm 
F/# 4.67 
Field of View 1.72 x 1.29 degrees2 
Detector format 2000 x 1504 pixels2 
Pixel size 7 μm 
Plate scale 15 μrad/pixel 
Spectral range 350 – 1050 nm 

 

Other than these strictly optical constraints, some other geometrical constraints are required, like having a focal 
extraction greater than 95 mm to place a filter wheel between the tertiary mirror and the focal plane or to keep the 
volume of the whole assembly as small as possible.  

2.2 Optical design and optimization 

Different optical solutions have been investigated to achieve the requirements for JANUS. At a first stage a cata-dioptric 
design was studied, but it was rejected because it was not effective in keeping a good enough quality over the whole 
spectral range. The final choice was an all reflective TMA design which doesn’t introduce chromatic aberrations. 
Allowing for the use of aspheric surfaces, the degrees of freedom of such a system are ten and are enough to correct for 
the major sources of aberration. Many choices can be made for the parameters that describe the optical system. For 
instance, a very natural choice from a sequential ray-trace point of view can be represented by the following mutually 
independent parameters: the entrance pupil position, the object position, the three mirrors surfaces curvatures ci and 
conic constants, the distance between primary and secondary mirror and the distance between secondary and tertiary 
mirror. Some of them are fixed by the optical prescriptions for JANUS (such as the effective focal length and the object 
position) while the other ones can be used to eliminate third-order aberrations and to put geometrical constraints on the 
system.  

The baseline design of JANUS has been optimized using the ray-tracing software Zemax and the final solution includes 
the filters and a window just in front of the detector for radiation shielding (Figure 1). What is actually done during the 
optimization process is to set up a merit function with all the needed conditions and constraints and to find the set of free 
parameters that minimizes the residuals from the ideal system. The merit function used consists on the following 
conditions: 
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1. The pupil stop is placed on the secondary mirror (M2),  

2. the distance between the primary (M1) and the secondary is equal to the distance between the secondary and the 
tertiary (M3),  

 
Figure 1. Optical layout of JANUS 

 
 

3. the focal extraction is forced to be greater than 95 mm 

4. all the mirrors share the same optical axis 

5. the vertical displacement of M1 and M3 is forced to satisfy the following condition for first order stray light 
rejection: the ray passing through points A and B (in Figure 1) should fall out of M3and the the ray passing 
through points C and B (in Figure 1) should fall out of M1. This means that M3 cannot be illuminated directly 
by sources out of the field of view and that light scattered by M1 cannot reach directly the filters and the 
detector. 

6. The field of view is forced to be off-axis in order not to obstruct the incoming beam with the secondary mirror. 

7. M2 is fixed to be spherical to reduce manufacturing and alignment complexity. 

In addition to these constraints, the optical quality of the system over the whole field of view has been maximized in 
terms of polychromatic MTF.  

The final system obtained after the optimization has an on-axis virtual entrance pupil placed on the right side of M1 and 
M3 at a distance of about 800 mm from the vertex of M2. The field is about 8.4 degrees off-axis in order to have an un-
obstructed pupil. This solution allows to achieve a better performance in terms of MTF with respect to the obstructed on-
axis design. The characteristics of each surface are summarized in Table 2. The first mirror is an off-axis section of a 
hyperboloid with a diameter of about 124 mm. The secondary mirror is spherical with a diameter of 50 mm and defines 
the optical stop of the system. The tertiary mirror is an off-axis section of an oblate ellipsoid with diameter of about 98 
mm. The focal plane is located 365 mm far from the tertiary mirror with a focal extraction of 97 mm with respect to M2, 
allowing large degree of freedom for the filter wheel positioning.  
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Table 2. Parameters of the optical surfaces. 
 

Surface 
Radius of 

Curvature [mm]* 
Conic 

constant 
Diameter 

[mm] 
Aperture de-center Y 

[mm] 
M1 994.39 (cc) -1.797 124 -82.18 

M2 307.62 (cv) 0.00 50 0 

M3 470.46 (cc) 0.20 98 80.58 

* (cc) = concave; (cv) = convex 

 

In the JANUS Camera it is foreseen a set of 13 optical filters with different bandwidth and central wavelength. The 
filter's substrate at this working level is assumed to be Fused Silica which is characterized by an extremely low 
coefficient of thermal expansion (CTE = 0.55×10-6 [1/°K]) and high transmittance over the whole spectral range. 
Moreover Fused Silica has demonstrated to maintain unvaried its optical properties also when exposed to high energy 
radiation fluxes (∼10 MRad). Their thickness is about 3 mm and it has been slightly varied from filter to filter in order to 
minimize the chromatic focal shift at the different wavelengths. All the filters have been tilted by about 4.3 degrees with 
respect to the optical axis to increase optical quality. The flat window in front of the detector is 2 mm thick with a gap of 
1 mm with respect to the detector. The window substrate has been assumed to be sapphire.  

The detector format is rectangular with 2000x1500 pixels2 and the short side of the detector is parallel to the scanning 
direction (along track) of the camera while the long side perpendicular to it (cross track) in order to maximize the 
imaging coverage during the planet/satellite's surface scan. 

2.3 Analytical solutions 

One big advantage of the merit function optimization method is that you can find a trade-off between many parameters 
and assign a proper weight to each of them. Anyway this approach is very sensitive to the starting point of the 
optimization and tends to converge towards a local minimum of the merit function leaving all the other configurations 
out of the game. Some algorithms can be used to jump out from a local minimum and search for other configurations that 
lead to a lower value of the merit function, but they are very slow and they don’t guarantee to find the global minimum.  

To be sure that, given all the proper constraints, the solution found was the best trade-off, we decided to use an analytical 
approach with some necessary simplification. A useful set of formulas to compute third-order aberration coefficients for 
a three mirror system can be found in Korsch (1991) [6] anyway here we will discuss only the general concepts used for 
our analysis without caring about equations. As mentioned above the TMA is characterized by ten degrees of freedom, 
so a same number of independent conditions are needed to completely define the system. We used only eight conditions 
and studied the solutions as a function of two carefully chosen free parameters. The conic shape of the three mirrors was 
used to correct for third-order spherical aberration, coma and astigmatism, while field curvature was corrected through 
geometrical constraints. Then we fixed the object at infinity, the effective focal length to be equal to 467 mm, the stop 
position to coincide with M2 and the distance between M1 and M2 to be equal to the distance between M2 and M3. The 
remaining two free parameters can be chosen accordingly to our needs, but it is necessary to remember that the choice 
can’t be arbitrary. In fact they should be independent from the other eight parameters in order to fully characterize the 
optical configuration. In our specific situation we are interested in the focal extraction (to allocate the filter wheel) and 
the overall size of the system. The latter can be characterized by the back focal length (BFL) i.e. the distance between 
M3 and the focal plane while the former is given by the difference between the BFL and the distance between M2 and 
M3. Both these two parameters are independent from the other constraints and fixing a value for them gives a unique 
solution for the equations that characterize the optical system.  

It should be noticed that the condition on the optical quality in term of the MTF is here replaced by the conditions for 
spherical, coma, astigmatism and field curvature to be equal to zero so we should expect a slightly different solution 
from the previous one. Moreover the conditions for first order stray light rejection and the obstruction from the 
secondary mirror are not used since they depend on the off-axis angle of the field of view which is not relevant for the 
analytical description that we are using. Our major interest is to find solutions with as many spherical surfaces as 
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possible which satisfy the condition for the focal extraction to be greater than 95 mm and for the BFL to be as small as 
possible. To do so, we have computed the conic constants of the three mirrors as a function of BFL and focal extraction 
and we have traced the equi-conic contour plots for each mirror (Figure 2). It appears that, in a reasonable range of focal 
extractions and BFLs, there is no solution that gives a spherical (k=0) primary mirror while both the secondary and the 
tertiary can be spherical in some configurations. It would be interesting to find some solutions in which both M2 and M3 
are spherical, which means that the equi-conic contours relative to k=0 intersect in some point. Unfortunately this is not 
the case. The solution previously found with the ray-tracing method was forced to have a spherical secondary mirror and 
it is represented by the black dot in Figure 2. It lies in the equi-conic curve k=0 for M2, while M1 is hyperbolic (k=-2.0) 
and M3 is elliptical (k=0.2). The focal extraction is next to its minimum limit (97 mm) and the BFL is 365 mm.  

Another interesting solution could be the one represented by the red dot in Figure 2. It corresponds to have an elliptic 
primary, a parabolic secondary and a spherical tertiary. The focal extraction is the same as before but the BFL is 
decreased (293 mm) leading to a more compact design. We tried to use these values as the starting point for a new 
optimization run of the optical design. The merit function used was the same as the previous one except that, this time, 
M3 was forced to be spherical while M2 was forced to be parabolic. Unfortunately, this configuration isn’t able to satisfy 
the geometrical condition for first order stray light rejection and the final performance over the field is 20% worse than 
the previous design (in terms of polychromatic MTF).  

 
Figure 2. Equi-conic contour plots for M1, M2 and M3 as a function of BFL and focal extraction. The black dot represents 
the ray-trace solution. The red dot represents another interesting configuration with a spherical M3 and the same focal 
extraction of the ray-trace solution. 

 

3. OPTICAL PERFORMANCE 
The all reflective design and the use of three mirrors give enough degrees of freedom to obtain a nearly diffraction 
limited optical quality over the whole spectral range and field of view.  

The only source of chromatic aberration is represented by the introduction of filters on the optical path and of the 
detector's window used for radiation shielding. Figure 3 shows the spot diagram for eight representative different field 
positions. The square box has the size of  two pixels (14 μm) while the circle represents the Airy disk at a wavelength of 
700 nm. The eight field positions in which the Spot Diagram was computed are listed on the right side of the Figure 3. 
They have been chosen only on half detector area being the optical system symmetric with respect to the plane passing 
through the optical axis and perpendicular to the cross track direction. During the optimization of the optical system, the 
nominal performance evaluation has been estimated by mean of  MTF at the Nyquist frequency for the given pixel size 
(71.4 cycles/mm). Figure 4 shows that the polychromatic modulation transfer function is always above 63% over the 
whole field of view for frequencies smaller than 72 cycles/mm.  
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Figure 3. Spot diagram for 8 different fields (listed on the right side). The circles in the spot diagram represent the Airy disk 
at λ=0.7μm while the square box has the size of 2x2 pixels. 

 

During the optimization process a trade-off between the camera dimensions, performances and capability to reject first-
order stray light has been carried out. In particular, via internal baffling system, this optical configuration can be made 
robust for stray light rejection (Figure 5). The solid angle through which the external baffle will see M3 has been 
minimized and it is possible to completely shield the filters and the detector from light scattered by M1. 

 
Figure 4. Nominal polychromatic MTF of JANUS as a function of the spatial frequency.  
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Figure 5. A possible baffling scheme for JANUS. 

 

4. CONCLUSIONS 
The optical design of the JANUS camera for the ESA’s satellite JUICE has been presented. The camera is a TMA 
system with a spherical mirror and two aspheric off-axis mirrors. Also a filter wheel for wave-band selection and a 
window for detector shielding are considered in the final configuration. The design has been optimized with the ray-
tracing software Zemax. The nominal performance of the system has been evaluated in terms of Polychromatic MTF 
which is higher than 63% over the whole FoV.  

We made also a study to find other possible configurations for JANUS using an analytical approach. From the study 
another interesting and more compact solution came out, but a more detailed implementation of this configuration 
showed that the final MTF is 20% lower than the previous design and the condition for first order stray light rejection 
could not be satisfied. 
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