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The following notes are presented to explain:

Spherical Aberration

The Airy Disk

Peak to Valley, RMS and Strehl Ratio
Standards of Optics produced by Nichol Optical

Light rays arriving at Earth from any astronomiobject are to all intents and purposes
parallel. Unfortunately, this light cannot be brbtigp a common focus by a spherical
mirror; this is due to the fact that such a milsangs lights from its outer zones to a
focus closer to the mirror surface than light retileg from the inner zones. This is
known as spherical aberration.
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If the surface of the spherical mirror is deforniec parabola light from all zones
striking the mirror are brought to a common foddence, the parabolic mirror is found

in certain types of astronomical telescope (e g Nbwtonian). Not all telescopes use
parabolic mirrors, but any telescope regardleshetypes of curves employed must
eliminate spherical aberration, or at least brirtg acceptable levels if the telescope is to
have an acceptable performance. If a telescopesiithed as ¥ wave or 1/8 wave, it is
the residual amount of spherical aberration thaeiag measured, just
how much is acceptable will be discussed here.
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If it was possible to produce a parabolic mirrothagero spherical
aberration the image formed would not be a pointe® Due to the
wave nature of light any image formed by an optsyatem suffers from
diffraction, as a result the image of a star wilpaar to have a central
disk of light surrounded by fainter rings. Thikisow as the Airy disk,
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and is named after the once astronomer royal Gegidykell Airy. The size of the disk is
determined by the aperture of the telescope. Thevie can hope for is 84% in the
central disk and 16 % in the rings. A 1/10 waveramnihas 81.6% of the light in the
central disk, more on this shortly. The images Wwedoe computer generated
representations of the Airy disk.
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We can now go on to look at established opticadddeds. The original standard was first
described by Lord Rayleigh, it states “If the ligloming to a focus has no optical path
difference error exceeding % of the wavelengthgift) the optical system will be
sensibly perfect”. If an optical system has errateh more than ¥4 wave we start getting
more light in the rings at the expense of the edmlisk.

When we have been talking about ¥ wave, we arsntpllbout wavefront error, take
care not to confuse this with surface error. Ineoitd produce a wavefront with errors of
Y. wave the surface must have an accuracy of dtléasvave, and surface errors are
doubled as a result of reflection.

Another optical standard is that of Danjon and Gouthey state; “If the circle of least
confusion is smaller the Airy disk AND the max wéeat error does not exceed ¥ wave
and defects should not be much less that thisttveeentire surface.” If you refer to the
first image showing spherical aberration you waléghat an area of ‘confusion’ exists at
the focus, if this area is smaller than the Airgkdihen the Danjon and Couder criterion
has been met.

Peak to Valley (PV) Error

A telescope mirror may be described has having vewa/ wavefront error. This means
that the distance between the highest and lowest po the mirrors surface is 1/8 wave.
Remember that the surface error is halved at thefr@nt due to reflection. On the face

of it this mirror meets the established criteriond& good mirror. Consider this, we have

two mirrors both ¥4 wave PV (wavefront) 1/8 wavetba surface, one has a small bump
Y, wave high, the other has several bumps % wave Bigth meet the established



criteria but the first mirror will out perform treecond mirror. Clearly, a PV rating is not
giving the full picture it fails to take into acaaoithe size of the surface defects.

RM S (Root M ean Squar €)

With RMS the intention is to better characteriseome number, the entire mirror surface
(or wavefront) by accounting for the relative stfelefects, this done by measuring the
difference between the actual and measured surianany different places. This is the
same technique used to obtain standardised variatia population of random variables,
and is know as standard deviation. Importantly RMS to provide its potential, the
mirror surface should be sampled by many equaleabkly small, increments of areas
across the entire surface (or wavefront). Redlli, ¢an only be done with an
interferometer, a device that compares the entinesfvont of the optic under test against
a reference wavefront on know quality.

It can be shown mathematically that a mirror tsamoothbut under / over corrected by
%, wave at the wavefront calculates to an RMS vafudé14 wave. (1/13.856), note that
RMS value is approximately 3.5 times the PV vaespite its obvious advantage in
guantifying an optical system there is no acceptaddard RMS number unlike the ¥
wave PV standard.

Strehl Ratio

Perhaps the best way to quantify the errors inagiigal surface is by use of the strehl
ratio. The strehl ratio is the ratio of intensatiythe peak of the diffraction pattern of an
aberrated image compared to the intensity at th& pean unaberrated image, values
ranges from O to 1, 1 being a perfect mirror. Stratio (SR) is sometimes expressed as a
%, 100% being an ideal optical surface with 84 %heflight in the central ring of the
Airy disk. In the illustration below the red linedicates the distribution of light in the
Airy disk for an optical system with some aberratidn aplanatic optical system is one
that is free from spherical aberration and coma pitinciple aberration limiting
telescope performance is spherical aberration;llyst@ma is not a problem however, in
certain instances like fast Newtonian telescop@saccan become a problem showing
itself in the form of fan shaped star images towdre edge of the field.
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Although RMS and Strehl ratio are different, whkea RMS is small they are related by
an approximation such that an RMS value of 1/14ensyuates to a SR of .80. Using the
relationships between PV, RMS and Strehl, R.F.Rtyaseproduced the following table:

PV Fraction RMS Fraction RMS Decimal Strehl Ratio
Ya 1/14 .071 .82
1/8 1/28 .036 .95
1/10 1/35 .028 .97

Standards of Optics produced by Nichol Optical

I would now like to go on to discuss the test mdththat | employ and how my mirrors
are standardised. The following tests are used:

Ronchi test at the Radius of curvature
Knife edge at the Radius of curvature
Rochni test in combination with a flat mirror (Actdlimation)

Knife edge test in combination with a flat mirréwutocollimation)

The Ross null test
Interferometry

In making any mirror at least two of the abovedest used and usually more. The
principle test used is the Autocollimation, or diupass null test, this is used to test
parabolic mirrors. In this test a parabolic minstested in combination with a flat

mirror.
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The test is highly sensitive due to the fact tigdttireflects from the surface under test
twice; making any errors appear twice as largdeg would when testing at the Radius
of curvature. This test is highly regarded by pssfenal opticians and is widely used in
the production of parabolic mirrors. The test syptire form is qualitative and does not
give any numerical information about the mirrorsfgce. The quality of the flat mirror
used is important. It does not have to be optidily it can have a few waves of
curvature, the important thing is that it is smodtamploy two optical flats when testing
with autocollimation. One was manufactured by Gr&lalbsons so is of known quality;
the other was made by me. In order to test thd fledt made a spherical mirror and
figured it to a surface accuracy of at least 1/8ayaerified by my interferometer. | then
used the Ritchey-Common test to figure the flatl untvas at least as good as the test
sphere.

Under the autocollimation test a parabolic mirnpp@ars to behave like a spherical
mirror tested at the radius of curvature, as alresuideal optical surface appears to grey
or ‘null’ uniformly across it's surface when testeith a knife edge. This is the test | use
on a regular basis for the production of parabwoiicors.

How can | be sure that mirrors produced using thebte pass autocollimation test are at
least 1/4wave PV, 1/14 wave RMS and have streid ¥ai82. | have a Fizeau
interferometer built with a Ceravolo reference ldasperience has shown me that if |
complete a mirror using the double pass autoceitindgest and then test it with my
interferometer it always meets or exceeds the requtandard which is 1/4 wave PV,
1/14 wave RMS and Strehl ratio of at least .8&rfierometric analysis is a time
consuming and involved process and for this reaslmmnot provide an interferometer
produced analysis with every mirror | make. | deoft at an additional cost to cover the
time involved in producing it. Please note thatodliny mirrors are produced in the same
way whether they have an interferometer analygplged or not. Interferometers are not



normally used during the production of optics; tlaeg normally used at the completion
of the optic to verify the optical quality. Theimate test of any optical surface is how it
performs in a telescope; | am pleased to say thbd\iOptical has received much
positive feedback for customers and has an evezastg customer base reflecting the
quality optics produced at realistic prices.



