Correction of Coma Aberrations for the Open Design
This started from the design V3D, for which the key parameters are: 
Primary (M1) – curvature 6241.68mm, conic -1.0, offset 6241.68mm.  The fact that the offset is equal to the curvature means that that chief ray is turned by 90 degrees.  (This is theta_0).
Secondary (M2) – curvature 2942.903mm, conic -3.2465.  The axis of the secondary is at 11.435deg to the incoming chief ray and ray is turned by 50 degrees.  (This is theta_p – theta_0.)  
The spacing between M1 and M2 is 2400mm along the chief ray and the distance from M1 to the focal plane is 1221.713mm.  The stop is 5020mm from the prime focus and it is tilted by 12 degrees.
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The optimization was all done allowing for the extended field of view, as described in the separate note on apertures.  The field points used in the initial optimisation were the centre, points at + 4deg in X and +/2deg in Y plus diagonal points on the same ellipse.  (It is not necessary to have points at positive and negative X because of symmetry.)  The merit function was the rms spot size rather than the wavefront error since experience shows that this gives the better behaviour even though it is low wavefront errors that we are actually after.
The modification to the surfaces was done using Zernike polynomial surfaces.  These are additional terms describing the modifications in the Z direction (along the axis of the conic).   In Zemax the origin of coordinates used for the polynomials can offset from the axis of the conic.  These offsets were 6241.68mm and -761.622mm for the primary and secondary so that the coordinate origin coincides with the chief ray.  The normalization radii were 1200mm and 800mm.  Since the mirrors are actually elliptical one cannot match the actual edges exactly.  This choice is not critical – the functions will be extrapolated for points outside the normalization radius – but if one uses high order they tend to blow up for points that are far outside.  Conversely making the radii too large makes the terms non-orthogonal so the program has more trouble finding a solution.  The “Standard” form of the Zernike terms was used.  (Zemax allows two different definitions.)
The low order terms need to be controlled.  Specifically terms 1 and 3 need to be included in the optimization but these need to be constrained so that there is no modification to either the height or the slope of the surface at the chief ray.  In addition cubic and quadratic terms are needed (even though the basic correction is a fourth-order term) and these need to be controlled.  I chose to hold the centroid of the beam after the primary to be on-axis at the prime focus (the beam no longer comes to a sharp focus at that point) and I also put controls on the effective focal length of the system, as discussed further below.   
For our purposes the rms wavefront error as function of position in the field is the most relevant output.  In the following plots and tables I have used a tapered illumination of 10dB which is probably realistic.  At the end I will give the key values for the un-tapered case.  I extracted the tables from Zemax and used conditional formatting in Excel to make these plots.  The transitions between the colours occur at rms values of 470, 389, 156, 130, 52, 43 and 25 microns corresponding to Strehl = 0.8 at frequencies of 48, 58, 145, 174, 433, 520 and 899GHz.  The plots are for regions that are +/-15 degrees by +/-7.5 degrees on the sky.  
This is the result for the simple conics.
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Here is the result using Zernike terms up to 17, (all terms to 4th order plus the first 5th order term).
[image: ] 
Both these are assuming a flat focal plane.  I tested whether an increase in the DLFOV can be obtained by allowing a curved focal plane.  I used a “Bi-conic” surface, which allows different radii of curvature in the X and Y directions.  Here are the new plots.  
[image: ]
This is for the classical design with a concave focal plane.  The radii of curvature are 4102mm in Y and 3620mm in X.  The improvement is modest – about 5% in area at the lowest frequency but essentially none at the high frequencies.  The reason for this small gain is that coma is the dominant aberration rather than field curvature.
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This is the optimized design using radii of curvature of 2780 and 2632mm in Y and X, i.e. rather more curved than for the design with conics.  These curvatures are very similar and there is hardly any change if one forces them to be equal, i.e. adopts a spherical shape for the field.  I did that for the remaining experiments.
The increase in the DLFOV is quite substantial in this case, especially in the X direction.  The increase in area is about 50%.  (The detailed numbers are given in a separate spreadsheet.)  The reason for this is that the astigmatism is cancelled in the X-direction by Dragone’s design, so if we correct coma and curvature all the third-order aberrations are removed along this axis.  
I then tried increasing the number of Zernike terms that are allowed in the fit, up to 6th order.  One has to be a little careful here because this may produce funny shapes in the outer parts of mirrors, especially as these are not visited by the rays going to points in the centre of the FOV.  I therefore added to the merit function some more points in the field, but gave them low weights.  I also made the distance from M2 to the focal plane free, but put a constraint on the effective focal length.  The result of all these is shown in this plot.  It looks very similar to the previous one but there is in fact a further small gain in the area of the DLFOV of between 3 and 5% depending on frequency.
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The focal plane curvature is 2870mm and the distance M2 to FP increases by 5mm.
One noticeable feature of these plots is that the region with low aberrations turns upwards at the sides.  This is probably associated with the fact that there is significant distortion in the image for these designs.  This is mainly in the form that lines of constant Y on the sky lie on curves in the focal plane, as shown in the following plot.
[image: ]
This is a representation of the focal plane coving an area of 30 by 15 degrees.  The lines show the positions in the focal plane where the rays would fall if there were no distortion while the crosses show the actual positions.  Note that, if we actually put the detectors on a regular grid, the pattern in the sky would be a curvature in the opposite sense – horizontal lines would curve upwards.  This means that if we made plots of the wavefront error as a function of position in the focal plane, instead of position on the sky, it would be close to symmetrical about both the X and Y axes.  (To do this one needs to make a model with the all the elements reverse, i.e. starting at the focal plane.  That is not difficult in principle but somewhat labour intensive with this type of design.)  
As far as I can see, this rather high degree of distortion is a feature of the basic geometry of the Open design, rather than a result of the coma correction – the same plot for the uncorrected case looks almost identical.  Although this would presumably not be a big problem in operational terms (no doubt the mapping of the pixels to the pointing on the sky would need to be modelled in a great deal of detail anyway) I do worry that distortion of this type may be associated with relatively poor polarization properties.  I suggest that this be checked if that has not already been done.
One related point is that the effective focal length of the optimized system is not quite the same in the X and Y directions, whereas they are in the conic design.  The numbers are 2021 and 1989mm.  It is possible to drive these to be the same but this produces a slight loss of FOV so I have not done this.  The focal length controls the spacing of the beams on the sky but the effect of this difference is very small compared to the effect of the distortion described above.
For completeness here are spot diagrams for the conic and corrected cases, above and below.
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These are the field positions that were used in the optimisation.  The weights were 100 for the central point, 1 for the half-ring of 5 points around the centre, 0.1 for the two diagonal points a little further out and 0.01 for the outer points, which are at +/-7.5deg in Y and +15 deg in X.  (This last point is the one on the far right, which is off the grid.)
To see the form of the modifications to the mirrors that are needed to correct the coma, I made surfaces with the same Zernike terms but no conics.  Here are plots of the “sag”.
These are for M1.  First a false colour representation of the surface.
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And then cuts in X and Y.
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Note that these are the displacements in the z-direction (along the axis of the conic) not normal to the surface.  Also I have reversed the signs so that the plots show what you would see with the mirror lying on its back, i.e. it is turned down at the edges.
Here are the equivalent plots for M2.
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[bookmark: _GoBack]As can be seen the form of the modification to M2 is essentially the opposite of that to M1, as has to be the case to produce a good image on axis.  With the mirror lying on its back, the edges turn up.  One consequence of this shaping of the mirrors is to change the illumination pattern slightly.  Specifically the edge illumination on M1 will be somewhat reduced.
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