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How To – Aspect Ratio & Stiffness of Solid Mirrors
Aspect ratio is the diameter-to-thickness of an optic.  The most commonly referenced diameter-to-thickness aspect ratio for front-surface optical mirrors is still 6:1 or “full-thickness.”  Full-thickness became the general norm over 100 years ago.  Just like old sayings, norms also come from the past.  Often these norms originate while being based on more narrowly defined parameters.  Approximately 100 years ago visual spectrum telescopes of 6” were considered “large,” were produced in very small quantities and therefore were quite expensive.  Since then our definition of a “large” telescope has changed.  

Back when full-thickness first became the aspect ratio norm the Foucault (1858) qualitative optical test was the standard. The Ronchi (1923) qualitative optical test has never enjoyed the same popularity as Foucault, even to this day.  Both of these qualitative optical test devices can be built for less than $25.  Quantitative laser interferometry didn’t begin until the mid to late 1960’s and is now in its fifth generation, which began around the turn of this century.  Modern interferometry can be calibrated and traceable, producing quantified optical test results when done properly, whereas Foucault and Ronchi cannot.

Both Foucault & Ronchi are low-cost to make and use, but are not capable of producing calibrated and traceable optical test results, which is why they are defined as qualitative, not quantitative optical tests.  These traditional qualitative optical tests lack sensitivity to non-symmetric errors like; astigmatism, coma, trefoil, hexafoil and many other Zernikes.  Although non-symmetric errors can be ground and/or polished into optical surfaces, finished & coated optics can later be bent into these shapes by their mountings.

Over 100 years ago opticians using qualitative optical tests believed they were finishing most of their mirrors to high quality levels and that the "large" (up to 6” diameter) mirrors using a 6:1 aspect ratio were practically immune to gross bending.  The combination of fairly small diameter full-thickness optics that have moderate stiffness, used with inexpensive qualitative optical tests that weren’t sensitive to non-symmetric errors, created a misconception about optical stiffness and the full-thickness aspect ratio.

Today we have powerful computers using Finite Element Method (FEM) and Finite Element Analysis (FEA) software to evaluate bending of an optical surface inside a computer.  We also have modern laser interferometry for testing the physical optics.

Diameter
Thickness
Aspect Ratio
Stiffness

6”

1”

6:1

1x

8”

1.33”

6:1

-1.78x

10”

1.67”

6:1

-2.78x

12”

2”

6:1

-4.0x

18”

3”

6:1

-9.0x

24”

4”

6:1

-16.0x

32”

5.33”

6:1

-28.4x

36”

6”

6:1

-36.0x

40”

6.67”

6:1

-44.4x

Chart 1: First-order approximations for mirror stiffness of 6:1 (full-thickness) aspect ratio.

A first-order approximation of stiffness is that as diameter doubles, while using the same aspect ratio, stiffness drops by the square.  This relationship can be seen in Chart 1.  Relative stiffness is listed in the far right column, with a 6” diameter (Ø) mirror that is 1” thick (6:1) is used as the baseline.  

Chart 1 shows that when the mirror diameter is doubled from 6” to 12”, while maintaining the same 6:1 aspect ratio, the stiffness of the 12” Ø mirror that is 2” thick will be 4x lower than the 6” baseline mirror.  If the mirror diameter increases by 4x, from 6” to 24", then the stiffness of the 24” mirror that is 4” thick (6:1) will be 16x lower than the 6” baseline mirror.

For wavebands in and immediately around the visual spectrum, a 6” diameter optic should never be treated as a zero-displacement (bending) optic.  A 2" diameter lens “supported” by the typical 3-pronged, spring-loaded lens mount will often bend into a trefoil shape.  Foucault and Ronchi will only start to show these types of errors when the scale is alarmingly large.

By using this first-order approximation we find that a 36” diameter mirror needs to be 36” thick in order to equal the stiffness of the 6” baseline mirror!  A 40” mirror has to be over 44” in thickness to equal the stiffness of the 6” baseline mirror.  Obviously neither of these large-diameter optic examples is practical.  However, it should be noted that some reference optics use a 2:1 aspect ratio.  Using this 2:1 aspect ratio an 18” Ø mirror would be 9” thick and would equal the stiffness of the 6” baseline mirror.  Such examples are extremely heavy, limiting their use and they have an extremely slow thermal time constant (high thermal mass), which can create other problems.

Chart 2 shows the relative stiffness of the same mirror diameters used in Chart 1, but now the mirrors use a 12:1 aspect ratio instead of 6:1.  Doubling the diameter and cutting the aspect ratio in half (12:1 aspect ratio) will decrease relative stiffness by 16x.  The 12” and 24” mirror examples above showed 4x & 16x stiffness loss while using a 6:1 aspect ratio, but at a 12:1 aspect ratio they show 16x & 64x lower stiffness than the 6” baseline mirror.

Diameter
Thickness
Aspect Ratio
Stiffness

6”

1”

6:1

1x

6”

0.5”

12:1

-4.0x

8”

0.667”

12:1

-7.1x

10”

0.833”

12:1

-11.1x

12”

1”

12:1

-16.0x

18”

1.5”

12:1

-36.0x

24”

2”

12:1

-64.0x

32”

2.665”

12:1

-113.9x

36”

3”

12:1

-144.0x

40”

3.333”

12:1

-177.8x

Chart 2: First-order approximations for mirror stiffness using 12:1 (full-thickness) aspect ratio.

This author has tried to work with both 16.5” Ø solid concave mirrors that were 1” (16.5:1) and 1.25” (13.2:1) thick.  Both were abandoned because they were found to be too easy to bend in their mirror mounts.  This underscores the major drawback of thin mirrors; low stiffness.  This decrease in stiffness has a domino effect because it will make supporting the mirror during grinding, polishing, testing and in final use, more difficult.  In a surprising number of examples the inherent lack of stiffness of an optic, in combination with the mirror mount used, prevents the optical surface from being finished to the desired quality level.  Charts 1 & 2 quantify and illustrate the realities of stiffness, or lack thereof, in optics.

The general function of a mirror mount is to spread the load across larger areas and to maintain a given optical surface, as well as to help maintain alignment tolerances inside the optical instrument.  All mirror mounts will distort the optical surface to some extent and that distortion is often dynamic in nature.  This is often driven by changes in the angle of use of the optic and/or changes in the temperature.  Both of these factors influence how much the mirror and mirror mount are bending.  Scale determines whether these distortions are making a noticeable impact on installed performance or not.

Although a greater number of support points might seem like an easy solution for low-stiffness large-diameter mirrors, the task is far more difficult and complex than supporting smaller diameter mirrors, which are inherently stiffer and can therefore use simplified support mechanics.  Stiffness is always important because as stiffness goes down, it takes less and less force to distort the optical surface to a given threshold.  It does not require much errand force to distort a visual spectrum mirror that is trying to maintain an optical surface to fractions of a wavelength of light.

Material Choice -

The above comparisons for stiffness laid the foundation but were based on one material type.  As long as the mirror material is constant, the above information is valid.  The below information will compare the specific stiffness differences between numerous common optical materials.

Defining the stiffness of a material by Young’s Modulus alone is not enough because density and therefore self-weight deflection is not accounted for in Young’s Modulus alone.  Specific Stiffness is defined as Young’s Modulus (stiffness) divided by density.  For example Schott’s Borofloat and Zerodur have a Young’s Modulus of 64 kN/mm² and 90 kN/mm² respectively.  Young’s Modulus alone shows that Zerodur is “40.6% stiffer” than Borofloat.  However, specific stiffness, which accounts for density, shows that Zerodur is 24.0% higher in specific stiffness than Borofloat, not 40.6%.

Specific Stiffness
Compared To Baseline

N-BK7


32.5


16.1% stiffer

Plate Glass

28.0


1 (baseline)

Borofloat

28.7


2.5%

Fused Silica

33.2


18.6%

AstroSittal

28.7


2.5%

Zerodur

35.6


27.1%

Chart 3: Specific stiffness of different mirror materials.

If we compare the most extreme example in Chart 3, we see that Zerodur is 27.1% or 1.27x higher in specific stiffness compared to plate glass.  This level of improvement pales in comparison to the stiffness losses shown in Chart’s 1 and 2.  For example, the 6:1 aspect ratio 6” and 24” diameter mirrors show that the 24” has a 16x decrease in stiffness compared to the 6” of the same aspect ratio and material.  If the 6” was made from plate glass and the 24” was switched to Zerodur, the Zerodur mirror would still be nearly 12x lower in stiffness than the 6” plate glass mirror.  Although switching to Zerodur for the 24” mirror is an improvement for that 24” mirror, it is not a magic bullet that eliminates sizeable stiffness losses as mirror diameter increases.

It’s important to understand what parameters created norms.  In the case of optical aspect ratio, stiffness is not infinite and diameter plays a large roll in stiffness.  Blindly increasing diameter without serious consideration to stiffness can lead to an optic that physically bends beyond the optical specification desired.  This underscores the importance of knowing basics about materials and understanding stiffness to a deeper level.  This knowledge can help designers, engineers and buyers make choices based on science & engineering, not folklore.
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