Newtonian Collimation Revisited with Ray Tracing

In this article, we revisit the topic of collimation and collimation errors in Newtonian telescopes
with a parabolic primary mirror. Rather than relying solely on theoretical considerations, we ray-
trace a perfect parabolic mirror in combination with a perfect eyepiece to establish collimation
tolerances based on the resulting star images. This mimics the star-testing approach that
experienced observers still use to fine-tune their telescopes’ collimation.

We will find that some accepted wisdom is correct, whereas some widely accepted collimation
tolerances are overly strict.

The findings of this article apply to visual observing, not to astrophotography, which has quite
different requirements.

Introduction

Newtonian collimation involves aligning the eyepiece with the optical axis of the parabolic mirror.
Misalignment introduces image aberrations, mostly coma, which increase significantly as the focal
ratio decreases. An F/3 telescope needs to be collimated approximately four times more accurately
than an F/5 telescope to keep aberrations to the same level.

Various formulae have been proposed for practical limits on two types of collimation error:
Primary Axial Error (PAE) and Focuser Axial Error (FAE).
Primary Axial Error — PAE

The Primary Axial Error or PAE is the distance between the primary mirror’s optical axis and the
axis of the focuser (or eyepiece) at the focal plane inside or just outside the eyepiece. PAE means
that the primary mirror’s optical axis does not pass through the center of the eyepiece’s field of
view. PAE is corrected by tilting the mirror in its cell with the three collimation bolts.

The acceptable limit for this error has been derived from considerations of wavefront errors and
depends strongly on the telescope’s focal ratio. The tolerance scales with the cube of the focal ratio.

PAE = (0.005 mm) x F3

This gives the following tolerances:

PAE Collimation Tolerance ‘

Focal ratio PAE tolerance (mm)
3 0.14
4 0.3
5 0.6
6 1.1

The simulated star images shown later in the article will validate the numbers in the table.

In practice, the easiest way to detect and correct PAE is to use a Cheshire collimation eyepiece
together with a center mark on the primary mirror. By carefully aligning the reflected image of the
Cheshire aperture with the center mark, it is not difficult to achieve sub-millimeter accuracy in
PAE.
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Focuser Axial Error — FAE

The Focuser Axial Error or FAE is the distance between the focuser (or eyepiece) axis and the
center of the primary mirror, measured at the mirror’s surface. FAE means that the focuser axis
does not point toward the center of the primary mirror. FAE is corrected by adjusting the tilt of the
secondary mirror using its collimation bolts. (Alternatively, the focuser itself could be tilted, but
most telescopes do not allow for this adjustment).

In practice, the easiest way to detect and correct FAE is to use a laser collimator in the focuser
together with a center mark on the primary mirror. The secondary mirror orientation is adjusted
to bring the laser beam as close as possible to the center mark.

Several formulae for acceptable FAE values can be found in the literature. The original formula,
reportedly valid in the absence of coma correction, gives a tolerance as a function of the primary
mirror diameter D:

FAE =0.034 xD
In other words, the FAE tolerance would be about 3% of the primary mirror diameter.

Subsequent versions of this formula introduced reduction factors of 6 or even 12 to account for
coma correction, resulting in tolerances as small as 0.5% or even 0.3% of the mirror diameter.

These revised versions prescribe tolerances that are far too strict. In our opinion, the reduction
factors are based on flawed reasoning.

The results presented later in this article suggest that the FAE tolerances required for good image
quality at the edge of an 80° eyepiece's field of view are significantly less stringent than the 0.5%
and 0.3% rules would imply.

The following table summarizes the findings. The values are based on a very conservative limit for
spot diagram size, with spot sizes limited to 2 arcminutes at the edge of the field.

FAE Collimation Tolerance ‘

FAE tolerance as %

Focal ratio ] ]
of mirror diameter

3 2%
4 3%
5 4%

Amore relaxed limit (even 5 arcminutes could be acceptable) would further increase the allowable
tolerances.

Three additional comments:

e The results suggest that the FAE tolerance is proportional to F? x D.

e Atthe center of the field, the image remains nearly perfect. The coma correction continues
to work effectively even when the eyepiece is slightly tilted.

e There is little difference between using a separate coma corrector with its first lens about
80 mm below the focal plane and an eyepiece with integrated coma correction, whose first
lens is about 30 mm below the focal plane.



Practical Collimation Procedure
A practical collimation procedure involves two steps.

First, minimize FAE by adjusting the tilt of the secondary mirror so that the laser beam hits the
center mark of the primary mirror.

Second, minimize PAE by adjusting the primary mirror’s collimation bolts until the Cheshire
reflection is concentric with the primary mirror’s center mark.

With this procedure, a small residual FAE will require a compensating tilt of the primary mirror
to eliminate PAE. The tool used to correct PAE should be relatively insensitive to FAE. The Cheshire
collimation eyepiece performs well in this respect.

If some FAE remains and PAE is subsequently eliminated, the eyepiece will be centered on the
primary mirror’s optical axis at the focal plane, but will be slightly tilted. This is exactly what would
happen in a perfectly collimated telescope with a loose focuser that allows the eyepiece to tilt.



Raytracing

The following sections show simulated star images and spot diagrams produced with the Eyepiece
Designer, the software used to design the Houdini eyepieces. The optical model includes a perfect
parabolic mirror and an ideal, high-power, coma-correcting eyepiece designed using hypothetical,
idealized glass types.

Raytracing PAE

The star images show the effects of PAE at the center of the field for focal ratios of 4, 5 and 3. The
images are highly magnified to reveal the diffraction pattern. At the center of the field, we examine
the distortion of the diffraction rings to determine an acceptable level of PAE.

Impact of PAE at f/4
PAE 0 0.2 0.4 0.6 0.8 1.0 mm

Impact of PAE at /5
PAE 0 0.3 0.6 0.9 1.2 1.5 mm

Impact of PAE at /3

0.5 mm
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The PAE values increase from left to right and differ between focal ratios. They were chosen to
produce approximately the same level of aberrations at each focal ratio. The first two columns

show zero or low PAE values that would be acceptable. The aberrations become clearly visible
from the third or fourth column onward.

The results agree very well with the PAE formula given above and provide visual confirmation of
the tolerances of 0.3 mm, 0.6 mm and 0.15 mm at focal ratios of 4, 5 and 3, respectively.



Raytracing FAE

To evaluate the effects of FAE, we assume that the collimation procedure described above has been
followed and that the final adjustment with a Cheshire eyepiece has tilted the primary mirror as
required to eliminate PAE.

As explained above, the resulting situation is similar to that of an eyepiece tilted in the focuser.
The aberrations will be small at the center of the field and will increase towards the edge.

At the edge of the field, spot diagrams are more useful than diffraction patterns for determining
which level of FAE is acceptable. The spot diagrams are shown near the edge of the field of an 80°
eyepiece, i.e. 40° off-axis. A conservative limit for the spot sizes is around 2 arcminutes, which is
close to perfection for any real eyepiece.

Impact of FAE at f/4
FAE 0 0.01xD 0.02xD 0.03xD

, RMS: 0.09', Curvature: -0.11 /m | D80 RMS: 0.30', Curvature: -0.13 /m 6, Curvature: -0.16 /m M S:0.83", Curvature: -0.31 /m

Impact of FAE at f/5
FAE 0 0.01xD 0.02xD 0.03xD 0.04xD 0.05xD

, RMS: 0.09', Cur | D8 ', BMS: 0.23", Cun| D80: 0, RMS: 0.39", Cur| D S: 0.56", Cur| D8 MS: 0.74, Cun| D8 , BMS: 0.92, Cun

Impact of FAE at /3
FAE 0 0.01xD 0.02xD 0.03xD

, RMS: 0.T4', Curvature: -0.04 /m | D8 8 A 8', Curvature: -0.05 /m

The results suggest that the following FAE tolerances produce excellent spot sizes at the field edge:

e atF/5,4% of the diameter
o atF/4,3% of the diameter
e atF/3,2% of the diameter

Using a 2-arcminutes spot size at the edge of the field is very conservative. If less-than-perfect
image quality at the edge of the field is acceptable, these tolerances could be relaxed further.
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