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How To – Calculating & Using Angular Resolution
Aperture size has increased dramatically since the invention of the first telescope around 1608.  Although the installed performance of an optical system is complex, the formula to determine angular resolution is not; R=1.22*(/D, where R is Radians, ( (Lambda) is the wavelength of light and D is the diameter of the main optic.  Radians can be converted to arc-second(s) by taking it times 206,280.  For example, a 406.4mm (16”) aperture at 550nm wavelength is; (1.22*0.000550/406.4) x 206,280 = 0.341 arc-second.  An optical designer and/or buyer can use this simple formula to determine the diffraction-limit of a given aperture at a specific wavelength of light.

Diffraction is the interference caused by the wave-nature of light.  It prevents optics (lenses and mirrors) from showing details below a certain level.  This is why we cannot see the Lunar Lander on the Moon using a 4” telescope from Earth.  Chart 1 shows numerous mirror diameters, their diffraction-limited angular resolution in arc-second(s) and how the wavelength of light affects angular resolution.

Diameter
400nm wavelength
550nm wavelength
632.8nm wavelength
4 inches
0.99 arc-seconds
1.36 arc-seconds
1.57 arc-seconds

5

0.79


1.09


1.25

6

0.66


0.91


1.04

8

0.50


0.68


0.78

10

0.40


0.55


0.63

12

0.33


0.45


0.52

16

0.25


0.34


0.39

20

0.20


0.27


0.31

24

0.17


0.23


0.26

28

0.14


0.20


0.22

32

0.12


0.17


0.20

36

0.11


0.15


0.17


40

0.10


0.14


0.16

HST (2.4m)
0.042


0.058


0.066

Chart 1: Angular resolution of different diameter mirrors at different wavelengths of light. Hubble Space Telescope (HST).

It’s important to understand that even with a cutting edge Adaptive Optics (AO) system costing more than $1 million, the diffraction-limit of a given diameter optical system, at a given wavelength of light, won’t change.  No amount of money, equipment or wishful thinking will produce 2x, 5x, etc., higher resolution than the diffraction limit.

Angular resolution can be used for seemingly obscure tasks, like determining the minimum aperture required to directly record a given level of “seeing.”  If we want to record down to 1 arc-second, then Chart 1 shows that a 4” aperture matches 1 arc-second, when used at 400nm wavelength.  However, a test instrument needs to have real-world accuracy that is 2-3x finer than the lowest value we want to measure.  To record down to 1 arc-second, we would want to use an aperture that gives us 0.5 arc-second of angular resolution, which is accomplished using an 8” aperture at 400nm wavelength.  To directly measure “seeing” down to 0.5 arc-second, a 16” aperture operating at 400nm wavelength is required.

”Seeing” is often associated with atmospheric seeing.  However, for astronomical use or similar, the atmosphere is typically a smaller installed performance loss factor than;

· mechanical - installed optical surface quality of the lenses or mirrors used, which is the combined installed performance of each optic in its support, at final use angle(s) & temperature(s),

· thermal – mirror and/or lenses, telescope and local (observatory) seeing.

If the device used to record atmospheric seeing has countless flaws, like the installed performance of each optical surface actually being 2-6x worse than the diffraction-limit, with additional and dynamic installed performance loss occurring at the boundary layer of the optic(s) due to mirror seeing, the use of non-athermal mirror mounts that distort the optical surfaces as temperature changes (thermoelastic), etc., then readings from the device will not provide data solely about the atmosphere.  Without using an optical system that provides truly cutting edge installed performance, the device will be recording a mix of performance losses from; the optic(s), the telescope, the observatory, the atmosphere and other factors.  

Direct readings of mostly atmospheric seeing conditions require optics that are properly tested & finished.  The optical substrates also need to have an incredibly fast thermal time constant, to minimize mirror and telescope seeing as much as possible.  Direct support of the optics needs to be athermal, or highly engineered flexures, to minimize distortion of the optical surfaces as ambient temperature changes.  All other connecting structures, from backplate to spider assembly to main telescope structure, need to have very high stiffness.  The observatory/enclosure also needs to be thermally optimized to minimize its loss factors.

Angular resolution provides a quantity that is based on the optical system operating at the diffraction-limit.  A diffraction-limited on-axis, front-surface mirror is defined as:

· (/4 PV wavefront ((/14 RMS wavefront) or 

· (/8 PV surface ((/28 RMS surface)
For on-axis, front-surface optical mirrors wavefront means the light at the eyepiece or focal plane, whereas surface means the actual surface of the mirror, like a topographical map.  Because the main mirror of a traditional telescope reflects the light directly back toward the source (on-axis), it’s wavefront error is 2x larger than the surface error; (/4 is 2x larger than (/8.  It’s imperative to call out surface or wavefront in conversations and in specifications, so both parties understand what is being discussed.  Professional optics and laser interferometers are typically documenting surface, not wavefront errors.  Always ask the optician for clarification.

A plano (flat) ellipse, front-surface optical mirror, used to fold the light path 90°, is different from on-axis optics.  A fold mirror does not fold the light back onto itself, so the loss between surface and wavefront is less.  If the PV surface of the plano fold mirror is (/8, then the PV wavefront of that fold mirror is (/5.63, not (/4.  Instead of multiplying by 2, like an on-axis mirror, a plano ellipse needs the surface quality multiplied by 1.42.  A plano ellipse can be finished to (/5.68 PV surface, to produce a (/4 PV wavefront mirror.
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Chart 2: 40” mirrors of different quality levels and the corresponding “resolution” at 400nm wavelength.
Chart 2 shows real and fantasy angular resolution of a diffraction-limited 40” optical system at 400nm wavelength.  You can see the optical system, on paper, has 0.1 arc-second of angular resolution when it is “only” finished to the diffraction-limit ((/4 PV wavefront) and there are no additional installed performance loss factors.  The tolerances to maintain greater than the diffraction-limit performance are so incredibly small that the installed system would need to have “zero" performance loss factors.  Zero is a red flag to engineers because everything bends and no optical surface has zero errors.
The second and third rows in Chart 2 show the fantasy resolution achieved if the mirrors are finished 5-10x past the diffraction-limit.  Honestly finishing an optical system past the diffraction-limit will not show higher resolution, since that would break the laws of physics.
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Chart 3: 40” mirrors of different quality levels and the corresponding resolution.

Chart 3 shows the angular resolution of a 40” when the quality is at and then less than the diffraction-limit.  If a 40” installed on a pristine mountaintop never produces results (other than Lucky Imaging) better than 2 arc-seconds, the optical system could have been finished to around 4( (1.6 arc-seconds), not (/4 PV wavefront, which is a 16-fold difference.
For readily available and “affordable” optical systems the defenseless atmosphere is often called the limiting factor for installed performance, but this misconception hides the truth that;

· There are currently no methods to pull out and quantify atmospheric performance loss by itself.

· Other factors often drive installed performance down by a larger amount than the atmosphere.

· The diffraction-limit ((/4 PV wavefront) is all that is needed, not “well past” this amount.

· Very few optical systems are capable of (/4 PV wavefront installed performance.

· Almost no optical systems are finished to; (/8, (/10, (/20, etc., PV wavefront.

· Even if an installed optical surface was finished past the diffraction-limit, a buyer could not resolve details past the diffraction-limit, so they wouldn’t be able to detect it.
· If a buyer observes a difference between what they believe is “(/4” PV wavefront and “(/10” PV wavefront (2.5x difference), then they are more than likely detecting relative quality differences that, in reality, could be installed performance of 2.5( versus 1( PV wavefront or 3.41 and 1.36 arc-seconds respectively for the on-sky installed performance of a 16” aperture at 550nm wavelength light.
· As the diameter of the same aspect ratio mirror doubles, its stiffness drops by the square.  The mechanical bending of optics often contradicts the optics ability to be diffraction-limited.

· As aperture grows, quality of the optical surface tends to go down, driven by countless mechanical and thermal challenges that come with larger and larger optics.
· Optical testing of moderate to large-diameter optics to (/4 PV wavefront is fraught with challenges of its own, often producing optical test data that has alarmingly high uncertainty.
· If flexure can easily be detected in the installed optical system, then it’s unlikely the system is producing (/4 PV wavefront of installed performance.
If a person believes a 20” telescope is operating at (/4 PV wavefront, then it implies the telescope is showing 0.2 arc-second details at 400nm wavelength.  If there are easily detectable installed performance loss factors present, like slow thermal time constant optics and/or focus shifts due to low-stiffness structures, then it’s a clear sign the system cannot be operating at diffraction-limit.  We can use angular resolution as a sanity check to keep ourselves grounded.  As long as the atmosphere is blamed for all ills, no attention will be paid to countless issues that have degraded the installed performance of optical systems for hundreds of years.
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