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In 1928 George Willis Ritchey wrote, "We shall look back and see how inefficient, how primitive it was to work with thick, solid mirrors, obsolete mirror-curves, ..."1  He was referring to the performance losses associated with front-surface solid mirrors.  The vast majority of applications that use mirrors have been dealing with these thermal issues since the first use of solid glass mirrors 167 years ago.  Solid metal mirrors, the first front surface mirrors, originated over 350 ago.

More recently optical surface quality has increased dramatically.  This has come about due to;

· Accuracy & reliability of optical metrology

· Global, mid-spatial and high-spatial frequency errors can now be quantified to lower thresholds than ever before

· Radius, conic and other optical parameters that also influence the performance of the system can now be quantified to a tighter threshold than ever before

· Performance improvements in optical finishing

· Brought on by the above improvements in optical metrology

· More recent scientific studies into every aspect of optical finishing

· More recent technologies, like deterministic finishing
· Greatly improved capabilities for optical and mechanical analysis using modern software and the powerful modern computer; Finite Element Method (FEM), which uses Finite Element Analysis (FEA), as well as Computational Fluid Dynamics (CFD).
Improvements in the optical surface draw more attention to the remaining errors in the system.  If far tighter tolerances for conic, radius, RMS surface roughness, etc., have reduced errors down to the 0.1 to 0.01 arc-second (“) range at the focal plane of the installed instrument, then ignoring historic thermal issues means those specific “improvements” are buried in a far larger error that has not been equally improved upon over the centuries.  Although optical shop test results can make the customer feel warm & fuzzy, the performance of the installed system will not show the marked improvements the shop tests imply.
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Fig. 1: Heat coming off a 220mm diameter solid mirror that is 25mm thick; optical axis zenith-pointing.
Lowne (1979)3 examined performance loss for a 100mm solid mirror in a laboratory.  He found performance loss had a linear relationship between the mirror’s bulk temperature and the ambient air temperature.  He also found that zenith-pointing performance loss was ~0.8 arc-seconds (“)/°C and ~0.13”/°C when the mirror had a 50° zenith-angle.  The linear relationship means that a 2°C delta between the mirror’s bulk temperature and the ambient temperature will produce 1.6” and 0.26” of degradation for each respective mirror angle, per Lowne’s particular findings.  

For astronomical instruments Lowne’s data and Dream’s Schlieren photos in Fig. 1 through Fig. 3 show that mirror seeing and atmospheric seeing have an inverse relationship, proving once again there are no free lunches in optics;

· The best atmospheric seeing is at zenith; least amount of atmosphere to look through.

· The best mirror seeing is a 90° zenith-angle (instrument pointing at the horizon).

Guillot4, et al, concluded that primary mirror seeing was 0.23”/°C for the 400mm f4.9 Antarctica telescope, which used a 405mm diameter solid Zerodur primary mirror that was 45mm thick (9:1).  Other than the equalization temperature tolerance (optic within +0.1°C to -0.2°C of the ambient temperature), which appears fairly universal, degradation numbers are far more subjective and specific to the particular mirror, instrument, observatory, local site conditions, etc., as mentioned previously.  However, the dozen or more papers this author has read over more than 20 years do tend to hover around the 0.25”/°C mark.  When an optic is within the tight temperature tolerance it can be considered at equalization to the ambient temperature.  
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Fig. 2: Heat coming off a 220mm diameter solid mirror that is 25mm thick; 45° zenith-angle. Videos.
Thermal issues related directly to the mirror (or lens) can be caused from;

· External - boundary layer issues; “at” and directly above the optical surface and

· Internal - temperature gradients within non-zero-expansion optical materials.

External: Boundary Layer -

Performance loss at the boundary layer is caused by the thermal mass of the optic itself.  That high thermal mass will heat or cool the air around it, creating air of different densities.  Air has different refractive indices at different temperatures (densities), bending light by varying amounts, thus causing performance loss of the system, akin to rubbing Vaseline on an optical surface.  Thermal mass, and therefore performance loss at the boundary layer, is driven by at least the below factors.  

· thickness of the optic and its features (ribs, face, etc.),

· thermal conductivity of the material,

· specific heat capacity of the material,

· density of the material,

· surface area,

· structures around the optic, which act to insulate the optic,

· air flow around the optic and the

· current difference between the bulk temperature of the optic and the ambient temperature.

A zero-expansion optical material has no affect on degradations at the boundary layer because Coefficient of Thermal Expansion (CTE) has no affect on thermal mass.  How much that optic expands or contracts (CTE) will not help or hurt the boundary layer.  To say that the use of zero-expansion optical materials eliminates all thermal problems is a false statement and is nothing more than a sales pitch; buyer beware.  If actual, delivered high performance is the true goal, then such 1-dimensional viewpoints and statements are woefully inadequate and will always lead to a system that is not performing at a high level.  This is because fundamental principles are being ignored; intentionally or due to ignorance (Dunning-Kruger Effect).

The Schlieren views taken at Dream in Fig. 1 through Fig. 3 look no different between plate glass, borosilicate and zero-expansion glass-ceramic mirror materials.  So although a zero-expansion mirror will have extremely small thermo-elastic distortion, from internal temperature gradients and as a naked optic, it will still have performance-robbing boundary layer issues, since CTE has nothing to do with the thermal mass of the mirror.

Fig. 1 shows a 220mm diameter solid mirror that is 25mm thick.  Note how the double to triple set of air density lines around the mirror are disturbed.  The thermals are coming from the mirror itself and are therefore passing directly through the hypersensitive boundary layer.  The thermals can be seen moving above the mirror in Fig. 1, from left to right in the series of three photos, which show the optic over 20 seconds.  The exact behavior of these thermals cannot be stated in an all-encompassing rule that works for all mirrors, all mirror mounts, all assemblies, all instruments, all environments and all angles, thus the variations between scientific papers.  The exact movement, scale of performance loss, time to equalization, etc., will be influenced by a great many factors.

Structures directly behind and around the mirror will act as insulators, making the degrading thermals last even longer.  Even at this initial glance it is clear that thermals, like almost everything else in optics, is far more complex than initially perceived.  Higher mass in all structures around the optics will produce systems of lower performance, since an installed optical instrument is far more than the naked optics performance by itself.

Fig. 2 shows the same 220mm diameter mirror as shown in Fig. 1 but now at a 45° zenith-angle; videos.  Visually the bottom third to half of the mirror experiences fewer thermals.  However, in all mirror angles the author witnessed thermals emanating from regions that in most images shown in this paper appear to have far fewer thermals than others.  This is logical since the thermals are originating from the entire mirror, not just the “upper” portion.
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Fig. 3: Heat coming off a 220mm diameter solid mirror that is 25mm thick; 90° zenith-angle.

Fig. 3 shows the same 220mm diameter mirror but now at a 90° zenith-angle; optical axis pointing at the horizon.  The first one or two images appear to relate to Lowne’s work.  But as previously stated, thermals during this author’s work could be seen coming from other areas, illustrated in the far right image of Fig. 3.  This also illustrates why performance loss is dynamic, complex and far from 1-dimensional.  The distortions shown here could be considered anisoplanatic, much like differential atmospheric seeing produces different degrees of distortion within large fields.

It should be noted that these visually observed thermals, shown in Fig. 1 through Fig. 3, would disappear before the mirror was within 6°C of ambient temperature.  Even at Lowne’s 0.18”/°C degradation when the optic was at a 50° zenith-angle, a 6°C delta is adding an additional 1.08” of loss, above and beyond all other errors in the system.  Given the angular resolution and therefore the diffraction-limit of a 1m instrument is 0.1” at 400nm wavelength, the loss from this level of mirror seeing alone is 10.8x larger than the instrument’s ultimate potential.  This is why world-class observatories have louvers, air exchangers and numerous other measures in place to try to reduce observatory seeing, as well as to help decrease mirror seeing (from external means).

Like so many things in optics the scale of errors in the optical surface we are trying to maintain and the scale of the temperature tolerance we are trying to stay within, while ambient temperature is moving, is not only important but it is often disconnected from common experience.  This means that only those who have tried to control air temperature to this fairly extreme temperature tolerance can appreciate the difficulty of the task, including the often-overlooked task of measuring temperature itself; of the air and of the bulk temperature of an optic.  To compound the difficulties further are additional hurdles;
· It is not fairly simple air that we are trying to control to this tight tolerance but typically a dense optical material that wants to hold on to its existing temperature (heat capacity) and does not want to conduct it away readily (thermal conductivity),

· We need to accurately know the bulk temperature of that optic and

· To control that material’s temperature in real time at or below the +0.1°C/-0.2°C tolerance.

All of the above are deceptively difficult, leading to the Dunning-Kruger Effect.  Detailed scientific studies over the decades have shown time and time again that performance loss is almost always occurring and is often quite large, especially if no effort is made to minimize the losses.
Internal Temperature Gradients -
Internal temperature gradients within non-zero-expansion mirrors will cause thermo-elastic distortions, changing the shape or “figure” of the optical surface.  These are driven by CTE, as well as the factors listed at the bottom of page 2.

For a borosilicate-based 400mm solid mirror that is 2" thick (8:1 aspect ratio), a 1°C internal gradient will distort the figure of that optic by roughly 1/3rd wave; ~183nm of physical distortion at the surface.  Plus it will also have boundary layer performance loss on top of this figure distortion.  This knowledge can be a valuable tool in cutting through promotional statements.

Like boundary layer issues, distortions caused by internal temperature gradients will continue long after visual cues disappear.  Out of sight, out of mind is unfortunately not prudent in high-performance optics.  Over-reaching claims regarding the quality of such surface’s can easily and grossly contradict the mechanical, thermal and environmental realities inherent to the given optic, its support, etc.  The importance of basic material science and mechanical knowledge is vital in cutting through ever-present promotional statements.

Roughly 100 years ago G.W. Ritchey2 found that the 60” Mt. Wilson & 100” Hooker solid primary mirrors both experienced an “edge effect.”  The outer portion of the solid glass mirrors would cool faster than the interior portion of the mirror, thus creating thermo-elastic distortion in those outer zones.  In the case of the 60” & 100” mirrors the zones extended in 5” and 15” in radius respectively.  If we assume both telescopes have a 30% central obscuration, then can calculate how much areal loss occurred while the instruments were masked down;

60” primary
2827.4 square inches (in²)


100” primary
7854.0 in²

20” secondary
314.2 in²




30” secondary
706.9 in²

Total Area
2513.2
in²




Total Area
7147.1 in²
60” primary*
1963.5 square inches (in²)


100” primary*
3848.5 in²

20” secondary
314.2 in²




30” secondary
706.9 in²

Total Area
1649.3
in²




Total Area
3141.6 in²
* 60” masked down to 50” and 100” masked down to 70”.

The 60” unmasked telescope has 1.52 times (2513.2/1649.3 or 52.4%) more total surface area than the masked version.  The 100” unmasked telescope has 2.28 times (7147.1/3141.6 or 127.5%) more total surface area than the masked version.

The equalization tolerance, +0.1°C/-0.2°C of the ambient temperature, is an extremely tight tolerance to achieve and it applies to all mirror materials, including zero-expansion mirrors.  Although a naked zero-expansion mirror will show little to no detectable figure distortion as temperature changes, it will continue to have boundary layer issues because the optic still has thermal mass.

If the mirror mount for the zero-expansion mirror is also made from a zero-expansion material, then whatever distortion the mirror mount is causing at one temperature and static angle will remain generally the same as temperature changes.  As a mirror/mirror mount is angled, distortions are not static, due to gravity.  More often than not inexpensive and high CTE aluminum is used with zero-expansion mirrors.  As temperature changes, the zero-expansion mirror itself changes little but is being distorted thermo-mechanically because the aluminum mirror mount is changing shape at a rate more than 400 times greater than the mirror.

When a zero-expansion mirror material is supported by an aluminum mirror mount, then figure distortion (due to internal temperature gradients within a non-zero-expansion mirror) has been traded for thermo-mechanically induced figure distortion due to the wildly mismatched mirror and mirror mount materials.  Which one is larger depends on numerous factors and should be thoroughly evaluated using modern engineering tools because the zero-expansion mirror does not always show the smallest (physical) error.

Many statements made by manufacturers are based on a static temperature.  The use of aluminum with a zero-expansion mirror material is perfectly fine when used in one or both conditions; 

· a very temperature-controlled environment or 

· flexures are designed into the mirror mount, to compensate for the differential CTE between the mirror and mirror mount materials.

Using the formula for Thermal Time Constant (TTC) TTC spreadsheet, a measure of thermal responsiveness, we can compare different mirror materials to each other.  The formula accounts for the thickness of the material, heat capacity, thermal conductivity, and density but the formula does not account for additional variables, like surface area of the optic, insulative structures, air flow, etc.  This means solid mirrors will have even slower TTC’s than the spreadsheet calculates.  However, it is still an invaluable tool at judging whether an improvement is worth chasing.

If we evaluate the same thickness material in Zerodur, Borofloat and aluminum we see that Zerodur will equalize 1.1x faster than Borofloat.  Although aluminum is denser than both Zerodur and Borofloat, as well as being quite close to both in heat capacity, it is superior in thermal conductivity.  Aluminum will equalize 95.7x faster than Zerodur and 106.5x faster than Borofloat.  This puts the modest 10% difference between Borofloat and Zerodur into perspective.  In the real world a 10% difference is difficult to detect.

Combating Mirror Seeing -

One way to combat mirror seeing is to use thinner aspect ratio solid mirrors, since thickness is a key driver in how quickly a material will equalize.  If we compare the same mirror material, we find that a solid mirror that is half as thick as before will equalize 4x faster.  Unfortunately the stiffness of the thinner mirror is 4x lower.  If we double the diameter while also doubling the aspect ratio of a mirror (half the thickness), the larger, thinner mirror will cool 4x faster but it will be 16x lower in stiffness.  This is equivalent to comparing a solid mirror of 100mm diameter (Ø) and 6:1 aspect ratio, to a 200mm Ø mirror that has a 12:1 aspect ratio.  The 200mm mirror is 16.67mm thick and is 16x lower in stiffness.

As the stiffness of the mirror itself drops it becomes more & more difficult to process (grind, polish and test in the optical shop) and is more & more difficult to support in the final instrument.  Mechanical issues that didn’t show themselves in a thicker mirror now start to show more easily because it takes less errand force around and behind the mirror to bend it.  If a person cannot detect these stiffness losses, a better test is the answer, not to assume that they do not exist.  Denial only leads down one path; performance loss.

Astigmatism, one of the most common errors remaining in mirrors, becomes a greater hurdle as diameter and aspect ratio are increased.  The use of highly accurate actuators and wavefront sensors, to control the figure of the thin mirror, is possible, but complex, expensive and itself adds a great deal of mass, and potentially heat sources, behind the mirror.  The use of higher aspect ratio solid mirrors has slightly improved one parameter but degraded another, proving once again that there are no free lunches in optics.

There is an important distinction that should be made.  An improvement does not imply that the optic is then operating at an optimal level.  Most of the solutions listed here can make improvements but they are rarely, if ever, optimal.  Performance loss is almost always still occurring when the underlying cause of the problem is not addressed directly.

Another way to combat mirror seeing is the use of air flow.  Lowne1 and others have shown that disturbing the boundary layer can provide improved results.  However, thermals and airflow are complex, leading solutions to be inconsistent and less than optimal.  The best airflow is laminar and across the entire mirror’s surface, which is incredibly challenging to do on a round mirror, especially to a +0.1/-0.2°C level.  

Laminar airflow is difficult to achieve in reality because even if no structures were in the way, airflow would have to coincide with any natural flow, like wind.  Observatory enclosures that have modern design features allow the exchange of air between the interior and exterior, to reduce the delta between air temperatures seen inside the observatory and the outside ambient air temperature; observatory-seeing.  Both active (forced) ventilation that uses fans/blowers and passive (natural) wind flowing through louvers, etc., will have a dynamic and directional component to that airflow, due to the weather conditions at any given moment.  

All of these create additional layers of complexity because the telescope is dynamically changing angles as well.  This means performance loss will vary from minute to minute, hour to hour and night to night due to changing alignment or misalignment of air flow patterns, telescope angles, wind speeds at any given time, etc.  Performance in situations like this is far from fully controlled and is inconsistent.  It is not addressing the source of the thermal problem(s) and therefore is not providing optimal performance all of the time.

Some modern facilities have insulated the observatory and condition (control) the interior temperature during the day.  An attempt is made to have the interior temperature as close as possible to the opening nighttime temperature.  This way there is “no” delta because all components inside the observatory are already at the ambient temperature.  This can make a marked improvement in performance, on a short-term time scale.  The telescope and optics need to be within +0.1°C to –0.2°C of ambient temperature.  The opening temperature estimates have to be accurate to at least that level as well.  If a person can estimate outside temperatures to this level of accuracy, astronomy is not their calling, meteorology or Las Vegas is.  This small temperature tolerance is not an easy temperature accuracy to achieve inside an observatory.  It is similar to achieving incredibly small errors in large diameter mirrors; it is a large and complex task that very few appreciate.

If the opening interior temperature meets the threshold requirement, optimal performance is only maintained if interior and exterior temperatures remain static.  Even if the site location had static temperatures during the 8-10 hour night, there are plenty of heat sources inside observatory, not to mention the face of the primary mirror is loosing heat faster on its coated side to the cold sky than the back of the mirror.  This means optimal performance is either being achieved for only a tiny fraction of the night or potentially for no portion of the night at all.

The most efficient way to beat mirror seeing is to greatly reduce the amount of mirror material, while simultaneously increasing surface area.  This addresses the problem directly and is done through the use of lightweight mirror technology; cast, fused, frit-bonded or pocket-milled.  G.W. Ritchey was a strong proponent of cellular mirrors and first started creating and using them in 1912.5
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Fig. 4: Dream 396mm CA, f1.376, bubble-free, double-conical, zeroDELTA™ lightweight mirror -  9.5 pounds.
Chart 1 compares how much slower solid mirrors of different materials will equalize compared to the same edge height 400mm Dream zeroDELTA™ engineered lightweight mirror with no features thicker than 3.2mm.  
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Chart 1: TTC of Dream zeroDELTA™ mirror compared to same diameter and edge height solid mirrors.

Remember, Zerodur will equalize 1.1x (10%) faster than Borofloat when both are the same thickness.  But in this example the TTC spreadsheet shows that the Dream zeroDELTA™ lightweight mirror will equalize 360x (3600%) faster than the solid Zerodur mirror.
The huge performance increase due to the quick equalization also prevents larger internal temperature gradients from forming in the thin-featured zeroDELTA™ lightweight mirror.  This means that although it is not a zero-expansion mirror material, like SiC (2.4ppm/°C) and Be (13.5ppm/°C) mirrors the thin-featured zeroDELTA™ lightweight mirror will show no detectable figure distortions.
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Fig. 5: Dream 320mm physical OD zeroDELTA™ engineered lightweight mirror.
The thin-featured zeroDELTA™ lightweight mirror not only improves the mirror’s performance in final use but also eliminates any traditional delays during optical testing by the optician.  This allows far more polish/test iterations in a shorter period of time and greatly decreases optician fatigue.  Not to mention the benefits of moving mirrors around that weigh 1/3 to 1/6 that of solid mirrors.

Chart 2 compares how much slower solid mirrors of different materials will equalize when they are half the edge height (12:1 aspect ratio) of the 400mm zeroDELTA™  lightweight mirror.  Although a 12:1 aspect ratio solid Zerodur mirror will cool 4x faster than its 6:1 solid Zerodur counterpart of the same thickness, Dream’s zeroDELTA™ lightweight mirror has a thermal time constant 90x smaller.  The thin solid mirror will still have large thermal performance losses and, because stiffness was sacrificed by doubling the aspect ratio, it now has additional problems.  Plus the Dream mirror has more surface area and doesn’t require such massive mirror mounts surrounding it, due to the zeroDELTA™ mirror’s much lower mass.  So even in this apples to oranges example of comparing a taller edge height Dream mirror to a thin solid, the Dream mirror will equalize roughly 100x faster.
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Chart 2: TTC of lightweight mirror compared to half the edge height solid mirror materials.

Dream’s zeroDELTA™ lightweight mirrors are used in combination with Dream’s carbon fiber structures to achieve sub-arc-second (visual spectrum) raw (unprocessed) image resolution from locations that are far from pristine.  It’s easy to blame the poor performance of an instrument on the atmosphere but hard data shows there is still plenty of improvement that can be made to opto-mechanical instruments.  Something Ritchey recognized 100 years ago.

Dream’s thin-featured zeroDELTA™ lightweight mirrors not only equalize extremely fast to a static temperature, but are also extremely nimble, able to quickly follow ever-changing ambient temperatures.  This is critical in a huge number of applications where ambient temperature is changing dynamically by far more than 0.1°C.  Optical systems that have properly addressed the thermal issues will outperform those that cannot keep up with changing temperatures.
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Fig. 6: Typical high aspect ratio pocket-milled mirror - non-uniform face.
        Fig. 7: Dream zeroDELTA™ - uniform face & back flanges.
An added benefit of Dream’s mirrors and systems that are designed to quickly take on the new ambient temperature is that they are lighter, which means they can be utilized in larger apertures on smaller craft; air, sea, land & space.  Dream’s instruments have proven that they can slew to an object faster, have incredibly short settle times and can maintain optical alignment to tighter tolerances because of the lower mass and high stiffness of Dream’s carbon fiber structures.

Conclusion -

Understanding through education & knowledge can help projects to make choices that allow the utmost in performance.  Lighting a campfire inside an observatory might seem ludicrous but in many ways the centuries old technology and ways of thinking continue to do just that.  It is the proverbial boat anchor, tying applications to limited technologies and preventing installed high performance.  Markets that are hundreds of years old have and will continue to fight tooth and nail to preserve the only thing they know.

Until something better is experienced, the status quo appears to be the pinnacle.  If we look around and most are using that “pinnacle” technology, then it cannot be the utmost in performance.  It is in fact the status quo.

Around 100 years ago Ritchey was often ridiculed for being too concerned with small details.  His critics would say he was chasing details that didn’t matter.  This author has heard the exact same excuses for the past 15-20 years.  In some ways very little has changed in the past 100 to 200 years, especially in how businesses operate.  Yes, optical testing and the science behind processing optics has changed drastically, but 1-dimensional views will keep a project in the past.

High Performance Never Fears Change

It Defies The Status Quo™
Ritchey dug into the mechanics of the structures and the thermal aspects of everything from the mirror to the telescope to the observatory.  He proved that understanding details mattered by using 0.5-0.6m instruments to best the resolution that was being achieved with telescopes that were 1m to 1.5m.  He was able to do this because of knowledge, experience and an unwavering goal of chasing higher performance, not baseless promotional statements and listening to traditionalists.

More than 100 years later the majority of optical mirrors are still based on technology created around 1850.  That technology is only slightly different, through a change of material only (solid metal to solid glass), to technology originating in 1668; the very first mirror-based instruments.  There will always be a better mousetrap, just like there will always be traditionalists that fear change.  Performance never fears change.

Laser Focus World article about Dream’s revolutionary mirrors.

"Your company does phenomenal work. There is a lot of thought and heart that goes into your products. Dream's engineering sets their lightweight mirrors apart from competitors. Your engineering goes beyond the lightweight aspect. You focus on actual performance!"

- Ted Kamprath

Nearly 40 years in professional optics, using everything from $1m - $1.5m test rooms to 144" Continuous Polishers.

He's spent his career using the latest in technologies, methods, materials & science to finish precision optics.
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