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Summary 

A design fora 300 mm Dall-Kirkham Cassegrain telescope is proposed. Parameterized 
system properties allow easy redesign for different focal lengths. Absolute values of 
optical aberrations affecting image quality have been calculated using a numerical 
analysis method to optimize kinematics and dynamic behavior. Relative positioning 
errors between optica} components can be tuned by using precision actuator mechanisms 
with resolutions up to 0.1 mrad. The maximum wavefront error is thus kept below ')J20, 
for wavelengths from deep IR to near UV. 

The CFRE open structural design consists of light-weight modules, yielding a telescope 
mass of 7.5 kg. Using the same primary mirror, different secondary mirror modules make 
the telescope suitable for diverse applications. For portability, the system can be 
disassembled to fit into carry-on luggage allowed on an airplane. Modules are rapidly 
operational by using self-calibrating connectors. 

Further improvements include numerically determined baffles for the primary and 
secondary mirror, which block stray light without causing vignetted images. The open 
structural design provides quick thermal balancing of optical components with the 
environment. In wind-still conditions, a primary mirror ventilation unit can decrease 
thermal boundary layers by forced convection. For very large focal ratios, a sub-aperture 
correction unit can be added. 

The telescope has been specifically designed for the amateur astronomer market, meeting 
the demands for a low-cost, robust and easy-to-use, yet high performance system. 



Background 

Amateur astronomy is a hobby, whose participants enjoy watching the night sky and the 
wide variety of objects found in it, mainly using telescopes or binoculars. In some cases, 
amateur astronomy is focused on day sky as well, e.g. for viewing solar eclipses, 
sunspots, etc. Amateur astronomy is sometimes referred to as backyard astronomy, after 
the most common viewing location. 

Throughout history, people have studied 
the sky in an amateur framework, without 
any extemal funding. Even before the 
invention of optica} systems, reports have 
been made about celestial objects, 
perceived with the naked eye. Since 1608, 
when the foundation of optical design was 
laid by the Dutch lens maker Hans 
Lippershey, large progress has been made 
in the field of opties [ 1]. The development 
of telescope systems has always played an 
important part in this, for both leisure and 
scientific applications. 

A group of amateur telescopes 

Only within the past century, when telescope systems have become more commonly 
available and affordable, amateur astronomy has become an activity clearly distinguished 
from professional astronomy. Yet, even though scientific research is not their main goal, 
many amateur astronomers make a contribution to astronomy by monitoring stars and 
asteroids, or discovering objects such as cornets. In this way, dedicated and interested 
amateur astronomers can make a fair contribution to science, mostly in the area of data 
collection. 

Typically, amateur astronomers do not depend on the field of astronomy as their primary 
source of income, and do not have a professional degree or advanced knowledge in the 
subject. Many amateur astronomers are beginners, though some can have built up a 
certain l~vel of experience in astronomy, making them able to assist and work alongside 
of professional astronomers. 

Common targets of amateur astronomers include the Moon, planets, stars, cornets, meteor 
showers as well as deep sky objects, such as nebulae, galaxies and star clusters. Many 
amateur astronomers like to specialize in observing particular objects, certain types of 
objects or astronomie events which interest them. One of the branches of amateur 
astronomy is astrophotography, and involves taking photos of the night sky. Tuis has 
become especially popular since high quality CCD cameras have become affordable. 

Most amateur astronomers work at visible wavelengths of light; however some are also 
interested in other spectra. Non-visual amateur astronomy includes the use of infra-red or 
UV filters placed over conventional telescope systems. 
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In genera!, amateur astronomers do not have a specific fixed viewing location especially 
dedicated to astronomy, such as a dome. Instead, amateurs observe the sky from a variety 
of locations, ranging from a person's backyard to special public areas where light 
pollution is limited. The Jatter category contains open spots in forests, mountain tops, or 
desert locations. For this reason, amateur astronomers like their optica! system to be 
portable, robust and low-maintenance. 

Furthermore, amateur astronomers are highly dependent on atmospheric conditions for 
the performance of their optica! system. It is essential that the night sky is clear, and the 
weather is calm. Also, atmospheric turbulence is a common cause of optica! aberrations. 
These effects, combined with the fact that most optica! systems owned by amateur 
astronomers are relatively low-tech, make the amateur able to observe with high quality 
only a few times per year. 

Therefore, amateur astronomers pay high regards to e.g. reliable and easy to use telescope 
systems, which do not require frequent calibration. Moreover, most amateur astronomers 
consider astronomy as a hobby and do not receive any funding, making them particularly 
interested in price-to-quality ratio of optica! systems. 

In this respect, a design fora high-end telescope system meant for the amateur 
astronomer market has been made. During the design, the focus was laid on high optica! 
performance, while keeping the telescope structure light-weight and dividable so that the 
system is portable. Special attention has been paid to the mechanica! performance of the 
telescope structure, making the system is robust and extremely reliable. Furthermore, the 
telescope is made modular, which allows the system optica! characteristics to be changed 
dependent on the specific application desired by the amateur astronomer. 
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Introduction 

Tuis report will discuss the design of a 300 mm Dall-Kirkham Cassegrain telescope 
system, meant for the amateur astronomy market. Hereby, basic essentials for high 
optical performance and special features desired by amateur astronomers have been 
incorporated into the design as much as possible. 

Among amateurs, Cassegrain reflectors are a very popular type of telescope system for 
their relatively short length compared to the focal ratio. The short length makes it easy to 
move the telescope to different viewing locations, as opposed to refractor systems which 
are generally long and slender. The Dall-Kirkham variant uses optical components which 
are relatively easy to grind, thereby reducing the overall cost of the telescope. 

The first chapter of this report will explain the basic optical principle of the Dall-Kirkham 
telescope system, along with the most common and influential aberrations lirniting its 
performance. The report will then move on to an exposition of the physical design of the 
optica} components, the primary and secondary rnirror, along with their mounts and 
suspensions. 

Alignment of the optical components is vital for system performance; hence all possible 
aberrations caused by positioning errors have been exarnined and quantified, making it 
possible to optirnize the performance. Since the primary rnirror is considered as a 
reference, this is treated along with the secondary rnirror in chapter 4. 

Next, the structural aspects of the telescope system are considered. Stiffness and dynarnic 
behavior of the frame components are treated separately. Also, special attention is paid to 
diffraction caused by the secondary rnirror support, known as the secondary spider. Tuis 
concludes the physical design of the telescope system. 

The chapters following after will each treat different features added to the system to 
improve the optical performance. First off, a ventilation unit for the primary rnirror is 
introduced, which reduces the seeing effect caused by thermal imbalance of the system 
with respect to the surrounding atmosphere. Secondly, stray light blocking baffles are 
placed in front of the primary and secondary rnirror. Their optimal dimensions and 
positioning are analyzed using a geometrical algorithm. Thirdly, a recommended 
correction unit design is discussed. The correction unit converts the original pure Dall
Kirkham configuration toa catadioptric system, able to compensate for optical errors 
induced by large focal ratio modules. 

Finally, the complete telescope system is reviewed in terms of total mass and dimensions, 
along with a proposition for dividing the telescope structure into separate subsystems, or 
modules. Using special designed connectors, the modules can be assembled to form the 
desired optical configuration. When disassembled, the telescope is able to fit into a 
suitcase, which allows taking the telescope onto an airplane as carry-on luggage. 
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Chapter 1: Optica) Design 

The telescope design discussed in this report is based on the optical principle named after 
Laurent Cassegrain (1629 - 1693) [1]. He described a type ofreflecting telescope, where 
a secondary convex mirror is suspended above a larger primary concave mirror, the light 
reflecting through a centra} hole in the latter to reach the eyepiece (figure f1 .1 ). 

Figure fi.1: Cassegrain light path. Light is reflected off a concave primary and a convex secondary 
mirror before it reaches the eyepiece. 

The "classic" Cassegrain telescope makes use of a parabolic primary mirror and a 
hyperbolic secondary mirror, a design which is praised for its elimination of spherical and 
chromatic aberrations, as opposed to refracting telescopes. 

A variant of the Cassegrain telescope is the Dall-Kirkham design, created by Horace Dall 
in 1928 and published in Scientific American in 1930 following discussion by Allan 
Kirkham. The Dall-Kirkham Cassegrain telescope has an elliptical primary mirror and a 
spherical secondary mirror, which makes the mirrors easier to grind than in the "classic" 
system, but introduces off-axis coma and field curvature. Therefore, the Dall-Kirkham 
image quality quickly degrades off-axis. Since this effect is less noticeable at longer focal 
ratios, also called "slow" systems, the Dall-Kirkham design is particularly suitable for 
amateur astronomers interested in planetary and deep-space applications. 

For shorter focal ratios, the Dall-Kirkham system can be corrected by placing a set of 
lenses in the light path, preferably suspended between the primary and secondary mirror. 
This makes it a catadioptric system, and introduces spherical and chromatic aberrations. 

§1.1 Dall-Kirkham System Properties 
The pure Dall-Kirkham design involves a concave ellipsoid primary mirror and a convex 
spherical secondary mirror. The ellipse in the primary mirror has two focal points, or 
foei, the location of which is determined by the semi-major and semi-minor lengths, a 
and b, when a > b. 

(1.01) 
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Following ( 1.01 ), the eccentricity ê ( 0 ~ ê < 1) 

is defined as 

(1.02) 
a 

For e = 0 the ellipse is reduced to a circle. 
Further, assuming the centre of the ellipse is at 

( x , y) = ( 0, 0) = 0, the location of the foei, f 1 

and J2 , is defined by 

ca 

~ 
primary mirror 

surface 

b 

0 

-b 

Figure fl.2: Ellipse properties 

( 1.03) 

With fi and f 2 moving along the x-axis (figure fl .2) . 

a 

The elliptic constants of the primary mirror in the proposed Dall-Kirkham system are 
listed in table tl.l. 

Table tl.1: Elliptic constants used for the primary mirror 
a [mm] ê [-] fi [mm] 

6290.558 0.865 5439.663 

The values in table tl .1 are used to grind the primary mirror surface, with its vertex at 
point a, and focal length f" of 

JI' = a - fi = 850.895 mm ( 1.04) 

The aperture of the system is defined by the area of the primary mirror unobstructed by 
the secondary mirror unit. Since all system components are designed to be 
axisymmetrical, the area can be directly related to the diameters of primary and 
secondary mirror. 

The size of the system aperture compared to the size of the human eye aperture defines 
the light gathering power, LGP , of the telescope [2] . 

(
D OBSJ

2 

LGP = Uf' er/U /~ (1.05) 

With Dul'm"r, being the aperture diameter of the system in mm, OBS the obstruction 

caused by the secondary unit normalized to Du{'ertu,e and assuming the human pupil has an 

average diameter of 6.0 mm. 
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In the absence of aberrations, the resolution of the system is limited by the effect of 
diffraction. This can be quantified by regarding the size of the system Airy disc diameter, 
Dairy which is defined by [2] 

Dairy = 2.44 Daperture 
(1.06) 

Where À is the wavelength of light, in mm. The Airy disc diameter in combination with 
the Rayleigh criterion defines the minimum distance between objects, necessary to 
observe them as separate bodies (figure f1 .3). 

When looking at the point spread functions 
(PSF) of two stars close together, the 
Rayleigh criterion states that the distance 
between the stars should be at least half of 
the airy disc diameter. Figure f1 .3 shows the 
dip in intensity in the combined PSF will be 
lower than 75% of the maximum intensity. 
For smaller separation distances, the 
combined PSF will reach the Dawes or 
diffraction limit, which causes an unrealistic 
increase in maximum intensity and loss of 
contrast. 

.. 

0 

FWHN _. 
(1.0Jl.1D) 

• 
(). F) 

Figure fi.3: The airy disc diameter in 
combination with the Rayleigh criterion is 
used to define the system resolution limit. 

Equations (1.05) and (1.06) suggest that to improve light gathering power and resolution, 
the aperture diameter should be as large as possible. When considering an appropriate 
aperture size fora telescope system, cost and weight are also an important issue. A larger 
aperture consequently means a larger primary mirror. This adds mass to the system, 
cubical to the increase in aperture size. Furthermore, to guarantee a high mirror surf ace 
quality (i.e. elliptic or parabolic) the mirror suspension needs to be upgraded to provide 
the desired support and stability. Tuis usually leads to larger and more complex mirror 
mountings, which also adds to the weight and cost of the telescope. Moreover, larger 
mirrors require more machining time and the mirror surface quality needs to be 
guaranteed over a larger area, which makes the total costs rise disproportionally to the 
performance increase. Tuis is only desirable for high-tech applications in which the 
importance of performance outweighs the costs. For telescopes meant for amateur 
applications, this is not the case. Here costs and handle ability do play an important role 
in the design. A decent aperture size fora Dall-Kirkham Cassegrain system would be 300 
mm in diameter. 

From equations (1.05) and (1.06), without regarding the centra} obstruction caused by the 
secondary mirror unit, this results in a light gathering power LGP and a resolution limit 
RL of 

LGP = (3
~

0J = 2500 [-] 
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RL = 1.22 550 · l 0-6 = 2.24 · 10-6 rad = 2.18 " 
300 

The primary mirror is the most important component of a Cassegrain telescope, as it 
collects the incoming parallel light rays and converges them to its focu s. The secondary 
mirror is merely suspended above the primary mirror to reflect the light to a focu s point 
behind the primary mirror. The di stance from thi s focu s point to the apex of the primary 
is called the backfocal length, or bfl . For optica! as well as mechanica! reasons it is 

desirable for the bfl to be as small as possible. In thi s system the back focal length is 

determined to be 

bfl = 203 mm 

In a pure Cassegrain system the back focal length and the primary mirror determine all 
other optica! parameters. The focal ratio F of an optica! system expresses the diameter 
of the aperture in terms of the focal length of the system. 

F=-f~., _ (1 .07) 

Where J, is the focal length of the entire system, in mm. 

The focal ratio is a dimensionless number that is a quantitative expression of system 
speed. A low F-number indicates a fast system, whereas a high F-number indicates a slow 
system. The greater the F-number, the less light per unit area reaches the image plane of 
the system, the amount of light transmitted to the eye or camera decreases with the F
number squared. Doubling the F-number increases the necessary exposure time by a 
factor of four. As illustrated in figure f1 .4, depth of field increases with F-number. In 
telescope systems however, depth of field is not an issue as the brightness of stel lar point 
sources is a function of absolute aperture size only. The F-number controls the field of 
view of the system and the scale of the image presented at the focal plane. 

F=S F = 32 
Figure fl.4: Two photos taken of the same flower, hut with different F-numbers. A low F-number 

tends to bring one object in focus with the rest of the image out of focus. 

Systems with a low F-number are useful for wide-angle viewing, whereas a high F
number makes the system capable of viewing objects in more detail , but with a smaller 
field of view. 
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Using the same primary mirror and back focal length, the focal ratio of the system can be 
varied by changing the secondary mirror properties. In a modular system, different 
secondary mirror units can transform the telescope toa system desired for specific 
applications. 

§ 1.2 Aberrations 
Apart from geometrie aberrations caused by incorrect positioning of the optical 
components, all optical systems suffer from intrinsic aberrations. These are caused by the 
inherent properties of the used optical components. Since there are many kinds of 
intrinsic aberrations, each influencing the system ranging from first to nth-order effects, 
only the primary six [2] will be discussed. 

Spherical 
Spherical aberration or correction error is 
the only form of monochromatic axial 
aberration caused by axisymmetrical 
surfaces exactly centered with regard to 
the optical axis. Spherical aberration will 
appear whenever the incoming wavefront 
does not exactly match the optical surface 
(figure f1 .5). Therefore, it is a common 
effect in multi-component optica! systems. 
Spherical aberration affects the entire 
image field, including the center, and is 
one of the most important effects to take 
into consideration. 

Coma 
Coma wavefront aberration occurs 
whenever the incident wavefront is tilted 
with respect to the optical surface, or 
being axially displaced from it (figure 
f1 .6). lt is an aberration only affecting 
off-axis image points. Coma can be an 
intrinsic aberration whenever the optical 
surf ace is not properly formed. In most 
cases it originates from a misalignment 
of optical components. 

- - - Gaussian focus reference sphere 
- • • - marginal focus reference sphere 
• • • • • • • mid-focus referent e sphere 
-- actual wavelront 

-<.-:-- ·-

" 
" 

Figure fl.5: Spherical aberration is caused when 
the incident wavefront does not correspond with 

the optical surface, resulting in different focal 
points. 

• • • • REFERENCE SPHERE 
- ACTI.IAL WA.VEFDfT 

···················· \ ;;;;;~.;;-..;•"'"" 

-- ·l-·-~ ,. 
-··t•ë,;;/ .. ~ 

: ray 

.... :•························· 

Figure fl.6: Graphical representation of coma 
aberration, showing wavefront deviation (r) and 

image point formation (1) 
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Astigmatism 
Astigmatism is caused by an inclination 
of the incident wavefront relative to the 
optica] surface and like coma it affects 
off-axis image quality. While coma 
originates from an optica] surface itself, 
astigmatism results from the projected 
optica] surface (figure fl .7). 

Field curvature 
Idea11y, every image point is located in 
the same plane. When this is not the case, 
the resulting aberration is ca11ed 
curvature of field (figure fl .8). Most 
telescope types form a curved image 
surface, symmetrically around the optica! 
axis. The radius of this surface is an 
expression for field curvature. 

Chromatic aberration 
As light encounters a medium of 
different optica! density, it is refracted. 
The refraction angle varies with 
wavelength, splitting the incident ray of 
light, and the resulting error is called 
chromatic aberration (figure fl .9). 
Chromatic aberration only occurs in 
optica! systems where lenses or other 
refracting components are used. 

Defocus 

···•···· .. ······································.·::::::·:\ 
• Projected _. - · · 
• ray_.-·· 
• • ~ # • • ; . . ............ ... ... ~,······· : 

--:--------.. ~.~.~~:~-~:~:-~:~·:-::~::-;:;-: :-t1 : ___ -
:··--·••"'ëi,î~ï ""' ·-. 
• ray 
• 
• • . ··, . .... ; .................................................. . 

Figure fl.7: Astigmatism occurs when the incident 
wavefront is inclined with respect to the optical 
component, resulting in a projected wavefront 

---:::::-== . ····•• ... .......... ..... ... ............ ::::,~·::::: . 
. . 

Figure fl.8: Graphical representation of 
curvature of field. The radius in the image plane is 

an expression for field curvature 

- ~- ~~-- - - ~: ~~- - - - - - ~ - - - - - ~~ -- -. ~ . . . . . . . . . ·" 

Green focus 

Blue focus 

Red focus 

Figure fl.9: Chromatic aberration caused by 
refraction sets the focal points at different 

locations for different wavelengths 

Defocus wavefront aberration occurs when the image being observed is not exactly at the 
location of the system focal point. 

The previously discussed intrinsic aberrations can be evaluated with respect to the pure 
Da11-Kirkham Cassegrain system. Field curvature is common in almost any telescope 
system, and so is the case in the Da11-Kirkham configuration. So are spherical 
aberrations, caused by the surface quality of the optica! components. The spherical 
secondary mirror introduces strong coma to the edge of the field. A properly designed 
Cassegrain system contains a parabolic or hyperbolic secondary mirror to reduce coma, 
yet for practical reasons this is replaced by a spherical mirror. Furthermore, there will be 
astigmatism, dependent on the size of the field. A sma11 field will reduce astigmatic 
aberrations as well as coma. Since the system does not contain any refracting 
components, there are no chromatic aberrations. 
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The next category of aberrations are caused by effects originating from outside the 
optical system, also called induced aberrations. These can be a result of e.g. air non
homogenity or forced surface deformation. 

Seeing 
Air non-homogenity produces an aberration commonly known as seeing error. 
Wavefronts can only preserve their form if the media they move through are optically 
homogenous. Inhomogenous media induce wavefront aberrations, resulting in optical 
aberrations. Air is by far the largest media through which light travels before forming an 
image in the telescope. Since air density changes with temperature, and so the 
propagation speed of the light traveling through, it is an inhomogenous medium. V arious 
thermal effects in the Earth's atmosphere forcing flow of warm and cold air columns and 
the presence of turbulence are the main cause of this. 

Astronomical seeing bas several effects to the image 
quality 

• 

• 

• 

Images of point sources are broken up into 
speckle pattems, which change very rapidly with 
time (figure f1.10) . 
Long exposure images of these speckle pattems 
result in a blurred image of the point source 
(figure fl.10). 
The brightness of the point source appears to 
fluctuate, known as twinkling. 

Seeing can globally be described as looking at an object 
on the bottom of a lake on a windy day. 

Figure fi.10: Negative image of a 
star. The blurred speckle pattern 

is caused by seeing and long 
exposure time 

The seeing effect can be overcome by speckle imaging, observing objects with very high 
resolution. Starting in the 1990s, telescope manufacturers have begun to develop adaptive 
optical systems, partially sol ving for the seeing problem, but so far none of the built or 
designed systems completely removes atmospheric effects. The Hubble Space Telescope, 
developed by NASA, is working outside the Earth's atmosphere and therefore bas no 
seeing problems at all. 

Sumof50000 
images, equal to 

21 minutes 
exposure 

Sum of 50000 Sum of 25000 best 
images, stabilized images 

Sum of 5000 best 
images 

(10% selection) 

Sum of 500 best 
images 

(50% selection) (1 % selection) 

Figure fi.11: "Lucky Imaging'' 

For amateur astronomers the above solutions are neither affordable nor practical, since 
amateur astronomers would like to have a light-weight system able to be moved around 
and easy to install and remove from a location. They need to wait for good atmospheric 
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conditions and use a technique called "Lucky Imaging" (see figure f1 .11 ), which relies on 
the fact that every so often the effects of the atmosphere will be negligible. By recording 
large quantities of images, "lucky" excellent images can be picked out to form a 
combined high quality image. 

Some amateur astronomers, as well 
as professionals, travel to various 
locations where the atmospheric 
conditions are exceptionally good 
almost year-round, like La Palma in 
the Canary Islands (figure fl .12) or 
Mauna Kea, Hawaï. Another more 
recent post-processing technique used 
by amateurs involves convolution of 
several images to forma new high 
quality image, mostly done by 
computer. 

Forced Surface Deformations 

Figure n.12: Some of the telescopes at the Roque de 
los Muchachos observatory in La Palma 

Forced surface deformations are also part of the induced aberrations. These can be 
described as deformation of the optical components or their suspensions due to external 
forces such as gravity, dynamic behavior and user behavior. Internal forces are e.g. 
thermal behavior. Forced surface deformations can result in any of the previously 
described aberrations, with the exception of the seeing error. 
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Chapter 2: Primary Mirror 

The primary mirror in a Cassegrain telescope system is one of the most important 
components, as it directly defines the light gathering power and the resolution for the 
entire system. The cross-sectional shape of the mirror surf ace is dependent on the type of 
Cassegrain, and the outer diameter determines the overall performance of the system 
chosen to suit the application. In this case a 300 mm Dall-Kirkham system is considered, 
which prescribes the primary mirror surf ace to be elliptic. The primary mirror is made of 
Pyrex 7740 (properties listed in Appendix Axl), with a silver reflective coating on the 
front surface, as well as a secondary coating to proleet the mirror against external 
influences. 

Furthermore, the geometrie aberration limit E
8 

over the length of the light path is 

defined as 

E~_! 
8 20 

Where À is the wave length of light. This limit 
needs to be guaranteed for all optical 
components, including the primary mirror 
surface. Since the location and orientation of 
the primary mirror are considered an absolute 
reference for the rest of the system, they 
cannot cause any geometrie aberrations. In the 
ideal case all rays of light reflecting through 
the system have equal length, so they do not 
cause an interference pattern in the image. Any 
deflection of the mirror surface as a result of 
statie or dynamic loads will result in a 
degraded image quality. Therefore, the surface 
deflection of the primary mirror is bound to the 
geometrie aberration limit, E

8
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Figure f2.1: The visible light spectrum 

The visible light spectrum ranges from 380 nm to 760 nm (figure f2.l). Modem day CCD 
chips cover a much larger spectrum, ranging from UV to deep IR. In the field of amateur 
astronomy, these chips area common feature. Amateur astronomers use spectroscopy to 
examine extraterrestrial objects for their composition and to search for objects in deep 
space invisible for the human eye because of light absorption e.g. by the earth's 
atmosphere. 

A striking example of this is the use of a H-alpha filter in telescope systems. H-alpha is a 
specific red visible emission line created by Hydrogen, with a wavelength of 656.28 nm. 
An H-alpha filter offers a narrow bandwidth centered on H-alpha radiation. On earth, 
there are no light sources emitting H-alpha radiation, other than the sun. 
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A telescope system with a built-in H-alpha filter therefore offers an image not polluted by 
human light sources. It does, however, make objects appear reddish, as the H-alpha 
frequency lies in the near IR-spectrum (figure f2.2) . 

The Sun The Milky Way galaxy 

Figure f2.2: Examples of astrophotography with a telescope system equipped with a H-alpha filter 

Si nee the geometrie aberration limit is a function of the wave length of light, the system 
needs to be designed fora specific minimum wave length. Considering the purpose of the 
telescope system, being amateur application, this minimum will be set to 

À,min =350 nm 

This means the system is suitable for applications in the near UV spectrum and offers 
increasingly higher performance for Jonger wave lengths. The geometrie aberration limit 
can now be used to give a direct measure for the maximum allowable deflection in the 
primary mirror surface, from equation (2 .01) 

350-10-9 

-E ----=17.5·10-9 m Vmax - K( À=35011111 ) -
20 

To be able to meet this demand, all forces on the primary mirror need to be evaluated. 
External forces working on the mirror are caused by gravity or accelerations imposed by 
other sources, e.g. manual input, wind and ground vibrations. Since the telescope only 
needs to deliver accurate results when fixed in a certain position, gravity is considered to 
be the most influential. Internal forces are caused e.g. by thermal expansion or other 
molecular effects. 

A way to solve for this problem is to mount the primary mirror tension-free and statically 
determined, avoiding internal forces caused by thermal effects. The primary mirror mass 
should be kept as low as possible, while the frequency for the first eigenmode should be 
as high as possible. Since the mirror suspension needs to be tension-free, the mounting 
will consist of a number of elastic rods, all orientated along the optical axis and 
distributed over the back surface of the mirror. Dependent on the number of rods 
required, this will lead toa so called whiffle-tree mounting. A whiffle-tree mounting can 
offer a suspension, in which the axially orientated rods offer z, <p and 1/1, in groups of three 
linked to the base of the whiffle-tree. The other degrees of freedom are independently 
fixed by leaf springs or tangential rods, also connected to the base of the whiffle-tree. 

10 



The complexity of the mirror suspension increases with the number of support points 
provided, however a minimum is needed to avoid excessive surf ace deformation. Tuis 
amount can be determined by a statie deflection analysis of the mirror geometry subject 
to extemal forces. This can be found in appendix Ax2. l. 

lt appears that six elastic rods are sufficient to support the 
mirror under statie loading conditions. These need to be 
equally distributed over the backside of the mirror, which 
leads to a circular array of mounting points, as can be 
seen in figure f2.3. The six colored dots indicate the 
mounting points. Each mounting point is separated from 

--♦--/ ' 
/ 1 ' 

...... • / 1 '\. ,. . 
I ', ,,,..,,,, \ 

1 
1 
1 
1 

• ✓ 

/ / ' 
the next on the same are, over ½ rad. Since the optima} 

mirror geometry still needs to be determined, the 
maximum statie deflection will follow later in this 
chapter. 

Figure f2.3: Primary mirror 
mounting point distribution 

§2.1 Mirror Optimization 
The dynamic analysis of the primary mirror is based on a mirror geometry having the 
following fixed parameters, as listed in table t2.1. 

Table t2.1: Fixed mirror geometry parameters 
Mirror surface radius 1677.5 mm 
Outer diameter 300.0 mm 
Central hole diameter 75.0 mm 

The values in table t2.1 have been used to create parameterized mirror geometry, as 
depicted in figure f2.4. The letters a up to and including e define parameterized 
dimension values, which have been varied during the dynamic analysis of the primary 
mirror. 

300.0 

75.0 

z 

., 

Figure f2.4: Parameterized primary mirror dimensions 

In the dynamic analysis, the mirror body is freely suspended in 3-dimensional space. 
Meanwhile each parameterized dimension in figure f2.4 has its own effect on mirror 
shape and mass distribution. Hence, eigenmode shape and corresponding 
eigenfrequencies of the mirror body are dependent on the parameterized dimensions; 
therefore all of these have to be examined. The material properties used beloog to Pyrex 
7740 (see Appendix Axl). 
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The eigenmode analysis leads toa number of lowest eigenfrequencies and corresponding 
mode shapes. Typically, the order of these is as depicted in figure f2.5. The dynamic 
optimization process involved tuning the parameterized dimension values to a point 
where the eigenfrequency of each eigenmode is as high as possible. Detailed results are 
shown in Appendix Ax2.2. 

Mode 1 Mode2 Mode3 

Mode4 ModeS Mode6 

Figure f2.5: Typical primary mirror mode shapes 

Figure f2.6 shows the cross-sectional view of the primary mirror, after optimization. 
Notice the curved upper section, which provides the elliptic mirror surface. Mounting of 
the mirror is located along the backside, where it is supported over a 35.0 mm rim whose 
mean radius is 65% of the mirror outer radius. Measured from the mirror surface vertex, 
the maximum thickness is 20 mm. The centra! hole has a diameter of 75.0 mm, based on 
optica! properties and compatibility with the focuser unit, as explained later on in this 
report. Furthermore, the backside of the mirror geometry is designed with flat or conical 
surfaces, to suit the manufacturer's wishes for the type of product. Here, ease of 
manufacturing was a vita) issue. 

z 

Figure f2.6: Cross-sectional view of the optima! shape of the primary mirror 

Said mirror geometry will lead to mirror properties as listed in table t2.2. The results 
form the starting point for the design of the primary mirror suspension. While the mirror 
shape and mounting point locations determine the suspension geometry, the component 
properties from table t2.2 determine the possible loads. 
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The axial location of the center of gravity lies in front of the mounting points, which 
indicates that unless the primary mirror surface is oriented perpendicular to the gravity 
vector, there is always a torque working on the mirror suspension. As this torque changes 
with absolute mirror orientation, it causes elastic deviations in the opto-mechanical 
system. This needs to be taken into consideration when designing the suspension. 

Table t2.2: Mirror properties based on optimal geometry 
Mass 
COG (axial from vertex) 
Maximum Deflection (absolute) 

Mode Frequency #1 
Mode Frequency #2 
Mode Frequency #3 
Mode Frequency #4 

2600 
-6.4 
7.6 

1333 
1333 
2165 
3175 

g 
mm 
nm 

Hz 
Hz 
Hz 
Hz 

Values are based on Pyrex 7740 material properties (Appendix Axl) 

The maximum deflection value listed in table t2.2 is well below the requirement of 

E ~ _!, which concludes the design of the primary mirror. 
8 20 
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Chapter 3: Primary Mirror Suspension 

Any mirror mount needs to provide a stable and controlled environment for the optica} 
component, with respect to positioning, statie and dynamic behavior, and thermal effects. 
The mounting system will have a negative effect on the performance of the optica} 
system [3]. A good mechanica} design can reduce these negative influences toa 
minimum. In this case, the optica} system is a Dall-Kirkham Cassegrain telescope. The 
primary mirror serves as an absolute reference for the rest of the system, which implies 
its positioning is not an issue. Also, the degrees of freedom of the primary mirror do not 
require actuation. 

The primary mirror suspension has to be located at the back, providing six individual 
mounting points. The center of the mirror should be kept open to allow light to pass 
through, and for optica} considerations the focuser unit should be kept as close to the 
mirror vertex as possible. Maintenance requires the primary mirror as well as the focuser 
unit to be released from the suspension. Since the mounting system will be of an 
axisymmetrical nature, the construction can be considered in five degrees of freedom, 
being r, z, rp, 1/1 and 0. The radial and axial components, r and z, are subject to thermally 
induced forces and need to be kept free. For z this is not an issue, i.e. the mounting is 
located at the back of the mirror and thermal expansion will only cause a forward shift of 
the mirror surface. Tuis can be compensated by adjusting the focuser unit. Components rp 
and 1/1 have a large effect on system performance; therefore they need to be fixed as 
rigidly as possible. Rotation around the optica} axis, 0, theoretically has no effect on the 
system when the primary mirror surface is considered to be perfectly axisymmetrical and 
perfectly aligned in terms of rp and 1/1· Overall system stability requires 0 to be fixed. 

In this respect, a primary mirror suspension has been designed, consisting of two separate 
systems. The first system supports the primary mirror in z, rp and 1/1, while the second 
system deals with the remaining degrees of freedom rand 0. In the next pages, both 
systems will be discussed, starting with the former. Eventually, the two systems are 
combined to form the complete primary mirror suspension, attended by a design 
overview. 

§3.1 Support system for z, q> and 'I' 
To correctly support the mirror 
on its six mounting points, the 
connection to the suspension 
should offer z-stiffness only. To 
guarantee a minimum of 
internal stresses in the mirror 
caused by the connection, the 
mounting points should cover 
as small a surf ace area as 
possible. Figure f3.1 shows the Mirror bud distribution Single mirror bud section 

view mirror buds bonded to the back 
of the mirror. 

Figure f3.1: Mirror bud design and distribution 
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The mirror buds have a conical contact surface, with a flattened top. An adhesive is 
applied between the conical area and the back mirror surface to form a permanent 
connection. The flattened top of the mirror bud is separated from the mirror by a small 
gap, directing forces on the mirror through the adhesive film. The damping and stiffness 
provided by the adhesive make sure the mirror is not damaged by metallic contact. 

The drilled hole in the mirror bud provides a connection for 
the rods, and subsequently the rest of the suspension. The 
thickened ends of the rods are glued inside the mirror buds, 
delivering an axial force only. The other end of the rods is 
drilled and tapped to offer an M3 bolted connection to the 
rest of the suspension (figure f3.2). The extended mirror bud 
sleeve provides a mechanica! stop for sideways rod 
deflection in case the construction fails. Whenever the 
mirror needs to be removed from its suspension i.e. for 
maintenance purposes, the rods and buds stay attached to 
the mirror. Undoing six M3 bolts will release the mirror. Figure f3.2: Mirror support 

rod placement 

A mirror suspension consisting of six axially orientated rods supporting the back of the 
mirror would provide adequate stiffness in z, <p and 1/1· The rods cannot provide stiffness 
for rand 0, which implies the suspension to be over-determined threefold. Joining the 
rods in pairs by bridges, as depicted in figure f3.3, would eliminate the over-determinacy. 
The bridges can then be connected to a three-armed frame, rigidly fixed to the base of the 
telescope. 

A section view of a bridge is shown in 
figure f3.4. Each bridge is attached toa 
pair of rods by two M3 bolts, accessible 
from the top. An elastic ring is placed 
between the top of the rods and the 
bridge, so the bridge can be leveled with 
respect to the mirror surface. Since a 
bridge only needs to combine the z
components of a rod pair, the bridge 
basically consists of two plates with 
tubular sections at the outer ends, 
protecting the rods. The tubular section 
also covers the extended sleeve on the 
mirror buds, protecting the relatively 
fragile mirror connection against violent 
or reckless user behavior. The mid
section of the bridge is used to connect to 
the grounded three-armed frame, seen in 
figure f3.5. 
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Figure f3.3: Adjacent mirror bud pairs are 
connected by bridges, fixed to a three-armed 

frame. 



The connection to the frame is provided 
by a separate component bolted inside 
the bridge through three designated 
holes. Before considering this, the 
suspension needs to be re-evaluated in 
terms of degrees of freedom. If the 
bridges would be rigidly fixed to the 
frame, any misalignment of the bridges 
with respect to the mirror would lead to 
stresses in all suspension components, 
including the mirror. 

Figure f3.4: Section view of a bridge containing a 
pair of rods. The rods are connected to the bridge 
by M3 bolts. Elastic rings between the rods and 
the bridge make it possible to level the bridge. 

The elastic rings in the bridges could solve for this, yet the construction would still be 
over-determined in z and in the rotation around the axis perpendicular to the bridge 
orientation, <fJR (see figure f3.5). Thermal effects would introduce new stresses. 

To eliminate these thermal effects, the 
connection component needs to contain a 
line-hinge, having a radial orientation 
with respect to the center of the mirror. 
The line hinge combines both z
components from the rods and grants the 
rotation <fJR• The connection component 
could therefore be designed as depicted 
in figure f3.6. 

The component is placed inside the 
bridge and locked in by three M3 bolts 
through the holes in the side, whereas the 
base of the hinge is attached to the three
armed frame by an M3 bolt from 
undemeath. 

Figure f3.5: The bridges are connected toa three
armed frame, fixed to the base of the telecope. 

As depicted in figure f3.6, the 
frame has pre-machined slots 
in each arm, which contain 
the connection components. 
The rectangular slot prevents 
the connection component 
from rotating and defines its 
tangential location. The bolt 
fixes the component in z and 
r. Figure f3.6: The connection component is fastened inside the 

bridge sideways using three M3 bolts, whereas the bonding to 
the frame is done with an M3 from undemeath. 
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§3.2 Support system for r and 0 
The suspension now supports the mirror in z, <pand 'I' only. Remaining components rand 
0 can be solved for by regarding a single mirror bud. Each mirror bud has to be fixed in 
its planar degrees of freedom except for radial translation. This can be solved by 
designing a ring holding each mirror bud tangentia11y fixed, while granting the,
component of the mirror buds relative to the frame. AH other degrees of freedom 
introduced by the ring are left free to prevent the suspension becoming over-determined. 

The buds can be glued on toa ring as shown in figure f3.7. The laser cut mirror bud ring 
contains a series of para11elograms al1owing the buds to move in radial direction with 
relatively low opposing stiffness. Upon assembly of the primary mirror suspension, the 
mirror buds are glued to the ring first, statica11y determining the position of the buds. The 
ring effectively fixes the mirror buds in x- and y-translation by four para11elograms. Upon 
rotation around the optica] axis, a11 paral1elograms are involved. 

Laser cut pattern Mirror bud ring layout 

Figure f3.7: The mirror bud ring fixes a bud's tangential translation white letting 
it free to move in radial direction 

The stiffness properties of a single paral1e1ogram is specified as listed below, in table t3.1 

Table t3.1: Stiffness properties of a 
single parallelogram 

Stiffness 
r 3.9-103 N/m 
0 7 .3 · 105 Nm/rad 

The ring is designed with a thickness of 1.0 mm, so its stiffness in z, <pand 'I' can be 
neglected. The ring is fixed to the frame by six different points. The three legs pointing 
inwards are glued to the frame in the middle, while the outer holes in the ring serve fora 
set of three M6 bolts fastened to the frame arms (see figure f3.8). The inner holes in the 
ring merely provide clearance for the bolts used to fix the connection components to the 
frame arms. 
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When the values in table t3.1 are applied to the entire ring, the stiffness delivered to the 
mirror can be calculated. These values are listed in table t3.2. 

Table t3.2: Stiffness delivered to the primary mirror by the ring 

x 15.9-106 Nlm 
y 

0 

Thermal expansion 

F;herrnal 

18.4-106 

4.4· 106 

2.1 · 10-6 

8.2 · 10-3 

Nlm 

Nm/rad 

m 

N 

Table t3.2 also contains the thermally induced force F;herrnal on the primary mirror when 

the temperature difference between the ring and the mirror is equal to tiT = 1 K. The 
force F;h, rrnal is subject to the coefficient of thermal expansion of both materials and the 

radius r from the mirror bud to the thermal center of the suspension. 

Tuis completes the design of the 
mirror suspension. Radial 
expansion of the mirror is left 
free, which means the suspension 
has no influence on system 
performance due to thermal 
effects, keeping in mind that axial 
displacement will be compensated 
by the focuser unit. 

The three-armed frame serves as 
the foundation for the suspension, 
and should therefore be designed 
such that it behaves as a rigid 
body relative to the rest of the 
components. Figure f3.8: The mirror bod ring is frxed to the frame 

arms by three bolts around the perimeter, and three 
adhered joints in the middle 

The frame design is limited by the volume available between the mirror and the focuser 
unit. Optica} design is positively influenced when the distance between the mirror vertex 
and the focus point is as small as possible. 

The center cavity in the backside of the mirror is therefore used to fit the frame. The 
available volume can be used to create a conic increase of thickness for the frame arms, 
increasing their axial stiffness (figure f3.9). The centra} hole in the frame is required to fit 
the focuser unit, which limits the planar area by the force lines to and from the bridges 
and the required clearance hole. 

19 



Furthermore, the frame contains several rims, slots and ledges used to determine the 
position or provide connection points for various suspension components. 

Back view including force Iines Front view 

Figure f3.9: Mirror frame design 

A centra! cavity is machined in the mirror frame. This cavity holds a ring that goes 
through the frame and the mirror, to accommodate the correction unit and primary baffle. 
The backside of the ring is used as a reference plane for the focuser unit. The ring is fixed 
to the mirror frame by 8 M3 bolts, as seen in figure f3. l 0. 

Figure f3.10: Frame ring placement 

For the Feather Touch focuser unit the dimensions are known, as well as the stroke of the 
moving shaft (see appendix Ax 11 ). Since the focuser is placed as close to the mirror 
vertex as possible, against the backside of the ring, this implies the moving shaft wil! go 
through and beyond the mirror surf ace (figure f3. l l ). 

This can be expressed in terms of backfocal length of the system, listed in tab Ie t3.3. 

Table t3.3: Back focal length of the system 
Mean bfl 203 mm 
Focuser stroke ± 25.4 mm 

Outer focuser position* 
Inner focuser position* 

-20.4 mm 
30.4 mm 

*Axial position measured from mirror vertex 

The focuser unit is clamped against the back surf ace of the frame ring by another 
component shaped around the focuser unit, holding the mirror suspension. This 
component is part of the primary support frame, which is dealt with later on in this report. 
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A complete overview of the primary 
mirror suspension is depicted in figure 
f3.12, while an exploded view of the 
assembly can be found in Appendix Ax3. 

In this design, the total mass of the 
suspension is estimated to be 

m suspension ""'0.60 kg 

The value of m suspension is based on solid 

aluminum alloy 6061 components and 
Dural rods and bolts. 

The primary mirror and focuser unit are 
not included in the mass estimation. 

These have a mass of respectively 

mprimarymirror ""' 2.6 kg 

and 

mfocuse, ""'0.75 kg 

Focuser inner position 

Focuser outer position 

Figure f3.11: Focuser positions 

Figure f3.12: Primary mirror suspension 
overview 
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Chapter 4: Secondary Mirror 

In a Cassegrain telescope system, the secondary mirror is used to reflect the rays of light 
coming from the primary mirror back into its centra} hole to the system focus point. The 
secondary mirror is mounted in the secondary mirror unit, which is centrally suspended at 
a certain distance above the primary mirror. Tuis immediately implies the secondary 
mirror unit forms an obstruction to the system aperture, degrading the LGP (see page 8). 
The challenge in designing the secondary mirror unit is to optimize its dimensions, 
maximizing system performance. For a Dall-Kirkham system, the secondary mirror needs 
to have a spherical reflecting surface. Tuis makes it relatively easy to manufacture, as 
opposed to systems where a parabolic or hyperbolic secondary mirror is required. The 
dimensions of the secondary mirror are listed in table t4.1. 

Table t4.1: Secondary mirror dimensions 
Surface radius 579.5 mm 
Diameter 38.3 mm 
Thickness 10.0 mm 

The surface radius can be shaped by a delicate process of grinding and polishing, where 
again the geometrie aberration limit, E

8
, is the most important design criterion. The 

mirror diameter listed in table t4.1 is the minimum diameter required for the optica} 
design. The thickness of the secondary mirror is based on the genera} assumption [ 1] that 
the ratio, is, between the mirror diameter Ds and its thickness ts should be 

i = Ds ""8 
s t 

s 

(4.01) 

Tuis guarantees adequate stiffness in axial direction when the mirror is fixed in its mount. 
Since the secondary mirror has a spherical front surface, ts is measured at the mirror 

apex. The secondary mirror is made of Pyrex 7740 (properties listed in Appendix Ax 1 ), 
with a silver reflective coating on the front surface, as well as a second coating protecting 
the mirror against extemal influences. 

Before continuing with the design of the secondary mirror suspension, the required 
positioning accuracy of the secondary mirror relative to the primary mirror is discussed. 

§4.1 Positioning Tolerances 
When the primary mirror is considered 
to be a reference component, rigidly 
fixed to the telescope base, the 
secondary mirror needs to be positioned 
in six degrees of freedom. In Cartesian 
coordinates, these are defined as x, y, z, 
<p, 1/f and 0. See figure f 4.1. 

y y 
Il' prlmary Il'~ 

secondary 

@) 
X q, Op 0 1 Z 8 

Figure f4.1: Definition of origin and DOF of the 
primary and secondary mirror 
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The origin of the primary mirror is located at its vertex, while the origin of the secondary 
mirror is located at its front face where the tangential plane is normal to the optica) axis. 
Choosing this point as the origin for the secondary mirror implies that any rotation in <p 
and 1// will not result in a translation of the mirror in x and y. This is not the case when the 
mirror's spherical origin is chosen, which is possible fora spherical mirror. This will turn 
out to be an important consideration later on when designing the secondary mirror mount. 
Choosing the origin as depicted in figure f4.1 makes it possible for any kind of mirror 
surface to be used in the same mounting. 

In the ideal case both mirrors share the same z-axis, also known as the optica) axis. The x
and y-axis of both mirrors are parallel, which implies <p and 1// are equal to zero. Si nee the 
mirrors are axisymmetrical, their axial rotations 0 do not influence the performance of the 
optica) system, as long as they are constant. 

Any deviation from the ideal case will result in aberrations in the optica) system. These 
have been limited by the geometrie aberration limit, E~ ~ 17.5 nm. Since the geometrie 

aberration limit accounts for the deviation in the length of the light path for each 
incoming ray, this value needs to be converted to terms applicable to the positioning of 
the secondary mirror. This complicated process has been done with the help of an optica! 
calculation software program called Zemax [4]. 

In Zemax, all optica) components have been modeled with parameterized property 
values. The initia( model contains the ideal layout, i.e. the components are perfectly 
positioned and aligned along the optical axis. With the primary mirror as reference, the 
secondary mirror position and orientation is given an offset. Each offset results in an 
aberration in the image field that can be qualified as one of the inferred primary 
aberration types. Moreover, the resulting aberration can be expressed numerically and 
compared to the geometrie aberration limit. The complete analysis process and 
corresponding results are given in Appendix Ax4. 

Since the system is axisymmetrical, the position and orientation of the secondary mirror 
only needs to be evaluated in three dimensions, being decenter, tilt and axial 
displacement. Decenter is defined as an x- or y-translation, while tilt is a rotation in <por 
1//· Axial displacement is a z-translation along the optical axis. Tolerance limits have been 
calculated using two analysis methods; the Airy disc method and the interference method. 

The Airy disc based analysis is a form of ray aberration analysis, and compares the 
transverse ray aberration relative to the size of the Airy disc.The interference based 
analysis compares the longitudinal ray aberration relative to the perfect wavefront, and is 
therefore a form of wavefront analysis. Therefore, the latter is much more suitable for 
comparison with the geometrical aberration limit. Still, the Airy disc method is a quick 
way to determine the aberration type formed in the image plane. 
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Accordingly, tolerance results for the positioning of the secondary mirror are listed in 
table t4.2. 

Table t4.2: Aberration analysis and tolerance limits for positioning the secondary mirror 

Decenter [mm] 
x-translation 
y-translation 

Tilt [rad] 
q,-rotation 
f//•rotation 

Axial Displacement [mm] 
z-translation 

Aberration Airy Disc Interf erence 
type limit limit 
Coma 

1.7-10-1 3.2-10-2 

1.7-10-1 3.2-10-2 

Coma 
4.0-10-4 1.1-10-4 

4.0·10-4 l.1 · 10-4 
Defocus 

8.0· 10-3 1.2-10-3 

Note that tilt is the most influencing positioning error, since only a small deviation is 
required to exceed the geometrical aberration limit. This is due to the relatively large 
distance between the primary and secondary mirror, compared to their diameter. 0-
rotation is not included in the analysis, since in theory it does not affect the system 
performance. The axial displacement, z, has a small tolerance limit. Yet, this error is 
compensated by the focuser unit, either manually or software controlled. Consequently, 
the z-position is not an issue when positioning the secondary mirror. 
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Chapter 5: Secondary Mirror Suspension 

In the previous chapter, the general design and position of the secondary mirror has been 
discussed. From here on, the secondary rnirror suspension can be designed. As is the case 
for the primary rnirror, the secondary rnirror needs to be mounted in a tension-free and 
thermally stable suspension to avoid extemally induced aberrations. Yet, the relatively 
small dimensions of the secondary rnirror cause the resulting forces to be much smaller. 

lf the mounting does not cover the backside of the secondary rnirror, the telescope system 
can be used for solar viewing purposes, adding a few modifications. The secondary 
rnirror needs to be replaced by another type that only partially reflects incident light rays, 
e.g. 4%, to reduce the light intensity on the image field. A number of filters placed 
between the secondary and primary rnirror further limit the light intensity. The light not 
reflected by the secondary rnirror will either be absorbed by the rnirror material, or 
transrnitted through. Since absorption will cause the mirror and surrounding components 
to heat up, this is something that needs to be avoided. Therefore, the backside of the 
rnirror needs to be clear of any obstructions to allow a clean transrnission of the non
reflected light. Considering the front side of the rnirror also needs to be kept free, this 
implies the secondary rnirror can only be supported around its perimeter. 

Furthermore, the secondary rnirror mounting needs to contain a mechanism, to align the 
secondary rnirror with the primary rnirror. The previous chapter bas pointed out that the 
alignment mechanism needs to provide actuation in four degrees of freedom, being x, y, <p 
and 1/1· The positioning mechanism for x and y do not necessarily need to be located in the 
secondary rnirror mounting, as long as they provide the desired actuation perpendicular to 
the optica} axis. Rotations <p and 1/f need to have their origin as specified in figure f 4.1, at 
the secondary rnirror apex. Consequently, these preferably need to be actuated from 
inside the secondary rnirror mounting, to achieve a short force loop and high actuator 
stiffness. In addition, the <p and 1/f rotation need to be actuated directly, i.e. actuation of 
the <p- or l{f-manipulator results in a pure rotation of <pand 1/1, respectively. This is to 
enhance user comfort. The tolerances deterrnined in the previous chapter demand any 
mechanism designed to be based on elastic hinges. This avoids play and backlash, 
making the design more stable and the actuation more predictable and reproducible. 

The dimensions of the secondary rnirror mounting need to be as small as possible. 
Considering a circular shaped mounting, the inner radius is lirnited by the clearance 
needed for the passing of non-reflected light. The secondary rnirror unit outer radius 
lirnits the aperture of the system. The axial length of the mounting only slightly 
influences the system for off-axis light rays, when the projected obstruction becomes an 
elongated ellipse. More importantly, the mass of the secondary rnirror unit needs to be as 
small as possible to improve its dynarnic behavior. 

27 



The basic principle of the designed secondary mirror 
suspension primarily involves a holder for the secondary 
mirror. The holder consists of a ring with a ledge on the 
inside, providing a reference plane for the mirror surface. 
The ring and the mirror have a loose fitting of 0.5 mm. A 
thin Kevlar film is placed between the reference plane 
and the mirror, to even out any surface roughness on both 
sides and to prevent any peak contact stresses. A rubber 
O-ring is placed on the back surface of the mirror and 
pressed against the mirror by a nut screwed into the ring 
(figure f5. l ). 

The O-ring and the nut provide the preload force pushing 
the mirror surface against the reference ledge. This will 
induce certain stresses in the secondary mirror, dependent 
on the size of the preload force. These stresses will be 
concentrated around the perimeter of the mirror, only 
slightly affecting the actual mirror surface. The rim on the 
outside provides a stop for the z-displacement of the nut, 
limiting the preload force and making it reproducible. 
More importantly, the holder is easy to manufacture and 
assemble, has low-cost components, and provides easy 

Figure f5.1: Secondary mirror 
holder design and components 

access to the secondary mirror in case it needs to be replaced. The holder does not 
statically determine the position of the secondary mirror in x and y with respect to the 
holder, except for the loose fitting. This will be dealt with later. 

The holder needs to be rotated in ((J and 1/1 with respect to the primary mirror. Since the 
primary mirror and the base of the telescope are assumed to be rigidly connected, the 
primary mirror holder can be rotated with respect to the telescope base. The 
corresponding rotation axes both are desired to cross the mirror apex , to achieve a pure 
rotation. The direct actuation requirement also calls for an intermediate body between the 
telescope base and the holder. The holder rotates e .g. in ((J with respect to the intermediate 
body, white the intermediate body rotates in 1/1 with respect to the telescope base. The 
requirement for the mirror surface to be clear of any obstructions, causes the (()- and 1/1-
mechanisms to be located outside of the mirror holder. 

When the intermediate body is designed to be ring-shaped and placed around the mirror 
holder, a set of two opposing cross hinges allow the holder to rotate with respect to the 
ring. The cross hinges can be incorporated in the ring by designing them as elastic line
hinges. A spacer between the holder and the ring provides the necessary clearance for the 
rotation of the components 

Figure f5 .2 displays the intermediate body and the secondary mirror holder when they are 
assembled, and in an exploded view. A set of drilled holes connected by a cut form the 
two opposing line-hinges. 
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Small rectangular areas in front of the hinges have been cut free. These areas are bolted 
to the mirror helder with the spacers in between to provide a clearance of 1 mm between 
the two components. With these small areas of the intermediate body are fixed to the 
bolder, the Jatter is free to rotate around the rotation axis created, <p, depicted in figure 
f5.2 by the dashed line. The hinges have been positioned so that their common rotation 
axis crosses the mirror apex. 

Assembly Exploded view 

Figure f5.2: Intermediate body design in assembly with the secondary mirror bolder (1) and in an 
exploded view (r), revealing the spacers 

The intermediate body is connected to a component fixed to the base, albeit through a 
series of other components. Tuis component is located in front of the intermediate body 
and is ring-shaped as well, to preserve the clearance for the mirror surf ace. Tuis 
component will be called the secondary frame ring, as it holds all other components. 

The frame ring and the intermediate body need to 
be able to rotate relative to each other, in 1/f. Tuis 
can be done in a fashion similar to the description 
above. Again, the axis of rotation must cross the 
mirror apex. This implies that the following two 
elastic hinges lie on the same cut already present 
in the intermediate body, though on the top and 
bottom side. This is an easy adjustment, achieved 
by drilling another set of two holes opposed to 
each other, and connecting the four elastic hinges 
by cuts. Tuis is depicted in figure f5.3 . The frame 
ring is located at the front of the secondary unit, 
glued around the extended sleeve onto the 
intermediate body. Therefore, it can serve the 
purpose of a baffle for the secondary mirror. Since 
the frame ring does not contain any further 
mechanisms, it can be made out of fiber reinforced 
epoxy, which reduces the mass of the secondary 
unit. 

Figure f5.3: The intermediate body 
contains another set of line hinges at the 

top and bottom to provide the second 
rotation axis 
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The secondary unit now contains all the necessary components to hold the secondary 
mfrror and grant the required degrees of motion for the mirror to be aligned with the 
optica] axis. Figure f5.4 shows an assembly of the secondary unit, while figure f5 .5 gives 
a graphical representation of the design's degrees of freedom. 

Figure fS.4: Secondary unit assembly Figure fS.S: Graphical representation of degrees 
of freedom in the secondary unit 

The frame ring is 'grounded', serving as the reference for the rotations. In figure f5.5 this 
part is displayed in orange. The first granted degree of freedom is a rotation of the 
intermediate body (red) and the mirror holder (yellow) around the y-axis. From there on, 
the mirror holder can be rotated around the x-axis. 

§5.1 Actuator Mechanism 
What remains in the design of the secondary unit is a mechanism to actuate the rotations. 
Before this can be di scussed, the required actuator resolution and range need to be 
determined by looking back at the results from the secondary mirror tolerance analysis. 
The maximum allowable misalignment in (fJ was calculated to be 

/'J.<pmax = 1.1·10-4 rad 

The actuator resolution <pre ,· should be smaller than, or equal to, the maximum allowable 

error in ((), resulting in 

<p,e,· ~ 1 .1 · 10-4 rad (5.01) 

Aligning the secondary mirror within such a small tolerance limit can be made easier by 
including a ratio in the actuator mechanism. This can be achieved by converting the 
desired rotation to a translation by means of a lever. 

Following from (5.01 ), the maximum an gul ar deviation can be expressed in terms of unit 
length 

(5.02) 
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Where &,es is the linear resolution in meters, while ra is the length of the actuator lever, 

also in meters. A larger lever will lead to a higher allowable value of &,es . The lever 

must be located within the secondary unit and must not form an obstruction to the front 
nor the backside of the secondary mirror. This implies the lever should be located in the 
wall of the secondary unit (figure f5.6) . 

The rotations can be actuated by 
manipulating the width of the gap 
connecting the line-hinges. The 
largest lever arm there is pointed 
perpendicularly from the secondary 
mirror center to the auxiliary body 
wall. In the previously discussed 
design this lever bas a length of 48.0 
mm, giving 

fis,es = l.1 · 10-4 ·48· 10-3 

=5.3 ·10-6 m 

Figure fS.6: The rotations of the secondary mirror can 
be actuated by changing the widths of the gaps 

connecting the hinges. The actuators are located in the 
wall of the auxiliary body 

For q,-rotation the gap width cannot be 
manipulated from the desired location 
since that is exactly where the hinges for 
f//-rotation are located. This can be seen in 
figure f5.6, where the auxiliary body is 
"opened up" to reveal the actuator rods 
inside. By moving the levers sideways, this 
problem can be solved. Tuis creates a 
projected lever length, r;, ' < ra . 

For a lever rotated by 20° with respect to 
the ideal lever, as in figure f5.7, this yields 

Following, 

Figure fS.7: The actuators need to be placed 
aside from the line perpendicular to the 

corresponding axis of rotation. This reduces the 
lever length 

&,es '= !i<pres. ra'= l.1 · 10-4 · 45.1 · 10-3 = 5.0 · 10-6 m (5.03) 

Tuis kind of displacement can be realized by using a differential nut. Since operating the 
actuators should be made easy for the user, the actuators will consist of a double threaded 
rod and two imbedded nuts in the wall of the auxiliary body. 
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One of the nuts is formed by a drilled and tapped 
hole on the far side of the gap, while the other nut 
is placed on the front side of the gap (figure f5.8). 
The threads on the rod are both right-handed but 
have different pitch sizes such that when the rod 
is rotated, the gap width only slightly changes. 
The rod has a diameter of 3.0 mm, to insure radial 
stiffness as well as axial stiffness. This implies the 
drilled and tapped holes need to be suitable for 
M3; the pitches are still unknown. 
Since the actuator mechanism consists of two 
threaded connections working together, it is not so 
much the absolute pitch sizes that matter, but the 
pitch difference. The pitch difference follows 
from the desired displacement resolution, ~sr,, '. 

thread 1 thread p2 ds 

\ 

gap width 

Figure fS.8: The actuator rod is double 
threaded, with different pitch sizes. 

Rotating the rod will result in a 
changing gap width 

Assuming the minimum rotation of the two-pitched bolt, Brod, that can be made manually 

in a controlled fashion is equal to 

;r 
Brod=- rad 

18 

The thread resolution follows from 

With ~p the pitch difference. 

(5.04) 

The required pitch difference can be calculated by combining (5.03) and (5.04) and 
setting them equal to zero. 

Hence, 

~p = 5.0 · I0-6 

36 
⇒ ~P = 1.8 · I0-4 m 

Considering figure f5.8, the pitches pi and p2 can be made such that a right-handed 
rotation of the actuator results in a decrease in gap width. This is possible when pi> p2. 

If p I is chosen equal to 0.60 mm, p2 can be calculated. 

p2 = pl-~p =0.42 mm 
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These are arbitrary values only. For instance, pitches pl and p2 can be tuned to create a 
desired range, while the number of rotations is limited by a mechanical stop. In figure 
f5.8 the mechanical stop is realized by the knob on the end of the adjustment screw. From 
the initial position, the rod can be rotated until 

p2·nadj =ds (5.05) 

where nadj is the number of rotations of the adjustment screw and ds the distance 

between the knob and the auxiliary body. 

The actuator range is originally set by the initial gap width, in this case 0.5 mm. This 
means the actuator range d<p is defined by 

-1.1 · 10-2 < d <p < 1.1 · 10-2 rad 

A displacement of 0.5 mm in the gap implies the adjustment screw has been rotated nadj 

times, defined as follows 

0.5· 10-3 

nadj = --4 = 2.8 rev 
l.8 · 10 

from which the free length ds of the adjustment screw can be determined, using (5.05) 

ds< 2.8· p2 

When the actuator is rotated such that the 
resulting displacement exceeds this 
value, this would cause plastic 
deformation in the gap edges and in the 
threads. The mechanica] stop at the end 
of the actuator prevents this. Any 
mechanical deformation would be in the 
second nut, which can easily be replaced. 
As displayed in figure f5.9, the free end 
of the rod is lead to the backside of the 
secondary unit, where it can be actuated. 
Since the knob on the end of the rod must 
neither create an extra obstruction in the 
optical system, nor for the light passing 
through the secondary unit, its 
dimensions are limited. This might make 
it difficult for the user to rotate the knob 
in a controlled fashion. Therefore, the 
knob contains a hexagonal pocket, so that 
the rod can be rotated by using an allan 
key. 

pre•load 
spring 

Figure f5.9: The secondary actuator rods are lead 
to the backside of the secondary unit and can be 
operated either manually or by using an external 

instrument. Extra holes are drilled to 
accommodate a set of pre-load springs 
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Since the rotation mechanism consists of elastic hinges, pre-tensioning of the actuators is 
done by the hinges. Yet, the pre-load force will be small for rotations equal or close to 
zero, introducing play into the mechanism. This can be solved by adding pre-load springs 
in the gaps. By drilling an extra set of holes, the gaps can locally be widened to make 
room for the springs, as displayed in figure f5.9. The springs will then be placed around 
the rods to hold their position and deliver the pre-load force axially into the rods and the 
auxiliary body. 

This concludes the design of the secondary mirror unit. The total mass is estimated 

msm mdllrr ""'0.35 kg 

An exploded view of the secondary mirror suspension is given in Appendix Ax5. 
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Chapter 6: Secondary Spider 

Considering the Dall-Kirkham Cassegrain system proposed in this report, the 
unobstructed aperture size is determined by the primary mirror diameter, 300 mm. 
Obstructions limiting the effective aperture size are the centra} hole in the primary mirror 
and the physical stop created by the secondary mirror unit, as depicted in figure f6. l. 

_______ opllcal axls __________ _ 

Figure f6.1: The effective system aperture is limited by the obstructions formed by the 
central hole in the primary mirror and the physical stops created by the secondary 

mirror unit and the secondary spider 

Another physical obstruction is introduced by the secondary spider, which supports the 
secondary mirror unit toa structure somewhere outside the aperture, thus forming an off
axis obstruction. The following pages will concentrate on the design of the secondary 
spider and its effects on system performance. 

Secondary spiders come in many different shapes and sizes. As a starting example, figure 
f6.2 presents some of the most commonly used spider configurations. The system is 
considered in a view perpendicular to the aperture plane, i.e. as if the reader were the 
light source. 

1 
1 
1 

I 

I 
I 

/ 
/ 

---- -
I 

/ 

-----

I 
I 

-- ---
\ 

'-( A ': 
' 1 
1 / 
\ I 

\ I 

' , ' , __ __ .,,,. 
double legged 

-- ---... 

I 

I \ ,' 8 \ : + : 
' 1 
\ I 
\ I 

\ I 

' / ' , ... -... - ,.,. 

tubular 

Figure f6.2: Common spider configurations. The dashed line represents the system aperture, while 
the grey area depicts the planar obstruction formed by the secondary mirror unit and spider 

The most important function of the secondary spider is to hold the secondary mirror unit 
fixed in a certain position in front of the primary mirror. The support provided by the 
spider should be stiff, such that the secondary rnirror unit does not deviate from its ideal 
position under dynarnic loading. 
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Since the telescope is designed for use in an unstable environment (e.g. outside, in windy 
conditions) dynamics play a key role in the system. A secondary mirror unit moving with 
respect to the primary mirror will produce a blurred image. The secondary spider should 
provide stiffness in all six degrees of freedom of the secondary mirror unit, however <p
and f//-rotation create the most disturbing optica! aberrations, as explained in chapter 4. 

Stiffness can easily be created by designing a very bulky and rigid spider, but this would 
limit the number of light rays able to reach the image plane, thus deteriorate the system's 
optica! capabilities. A genera! rule of thumb for the obstruction created by the secondary 
spider is that it must be below I % of the unobstructed aperture area [8]. This implies 
blocking 1 % of the light rays propagating parallel to the optica! axis. For light rays 
entering the aperture at an angle this value will be higher, since the spider will have a 
depth, creating a projected obstruction area. Since the field of view in the proposed Dall
Kirkham telescope is designed for very small angles only, the projected obstruction area 
can be neglected. 

Moreover, like any object placed in a beam of light, the secondary spider will create a 
diffraction pattern visible in the image. Diffraction means light rays tend to "bend" 
around the edge of an obstruction, creating multiple intersecting wavefronts. 

§6.1 Diffraction 
The exact intensity distribution in a diffraction pattern caused by a given harrier 
geometry can be calculated using complex integrals or by using the Fourier transform. 
Since the analysis is relatively elaborate, it will not be treated in this report. A genera! 
overview of the harrier diffraction principle is given in Appendix Ax6. lnstead, some 
empirica! results done in [5] and [6] are given below in figure f6.3, for some of the most 
common spider configurations. 

Figure f6.3: Spider configurations (1) and their corresponding diffraction patterns (r), when the 
diffracted light has originated from a point source at infinite distance 

On the left side in figure f6.3, a set of spider configurations is gi ven. These 
configurations have been placed in a set-up, where a point source located at a very large 
distance emits light. The light goes through the spider geometry mask and is focused to 
form an image. This experimental set-up is used to analyze the effect of a spider 
configuration on the resulting diffraction pattern, which is shown on the right side in 
figure f6.3. Full details on the analysis and other results can be found in [5]. 
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In figure f6.3 a distinction can be made between configurations with straight or curved 
legs. Results show spiders with straight legs causing a spiked diffraction pattern. Multiple 
spikes are forrned, dependent on the number of spider legs. They always occur in pairs. 
Each pair corresponds to one of the spider' s legs, and is directed away from the leg 
perpendicularly in both directions, crossing the center of the image. As a result, the three
legged spider will cause a diffraction pattern with six spikes, as seen in figure f6.3 ( c ). 
The four legged spider is expected to cause a pattern with eight spikes. Yet, since two of 
the spider legs are aligned with the ether, the four-legged spider is considered sirnilar to a 
two-legged spider, thus causing a pattern containing four spikes (figure f6.3 (b)). 

On the ether hand, curved spider configurations do not 
show any spikes in their diffraction patterns. Instead, the 
diffracted image is circular, representing the true shape 
of the focused object. This is especially true for 
configurations (d) and (e), where the diffracted image is 
a uniform bright dot. This can be explained by looking 
at curved spider legs in more detail. A curved spider leg 
can be considered as a leg consisting of a series of 
straight sections, each section at a slight angle from the 
next (see figure f6.4 (b) ). Si nee each straight section 
produces its own pair of spikes, when their lengths are 
reduced to an infinitesimal size, the resulting diffraction 
pattern is a "search light", as depicted in figure f6.4 (a). 

Figure f6.4: Curved spider leg 
diffraction principle 

Furtherrnore, the search light bas a bright focus spot aligned wi th the center of the leg' s 
radius of curvature. Now, by increasing the are angle comprised by the leg, the size of the 
search light can be changed (see figure f6.5). As the are angle is increased, the bright area 
covers a larger section of the image, until finally the image is fully circular. This occurs 
when the are angle created by the curved spider leg is equal to 1t radians. The 
symmetrical distribution of diffracted light will then comprise a full circle. 

The previously explained rule holds for multiple 
legged spiders as well. Here, a fully circular 
diffraction pattern can be formed by making 
each leg embody an are angle, whereas the sum 
of the angles is equal to 1t radians. 

Tuis bas been done in the experimental set-up in 
configuration (d) and (f). The resulting diffracted 
image shows a bright and circular spot. Between 
these two configurations, the four-legged version 

Figure f6.5: The size of the search light is 
dependent on the are angle formed by the 

spider leg 

produces the best image, since the intensity distribution is more centered than in the 
three-legged version. This is because the four-legged spider configuration is more 
symmetrical. The image in figure f6.3 (f) does however show a secondary ring of light 
around the centra} image dot, which is an Airy disc characteristic. 
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If the are angle comprised by the spider legs is 
greater than rr radians, as sketched in figure f6.6, 
the resulting image will show a section of double 
intensity, proportional to the excess are angle. In 
the experiments, configuration (e) represents a 
three-legged spider where the total are angle 
encompassed by the spider legs is equal to 2rr 
radians. The resulting diffraction pattern shows an 
extra large spot with double intensity, compared to 
configuration (d). The excessive are angle will 
make the object seem brighter or closer than is real, 
resulting in a false image. 

2x LIGHT 

Figure f6.6: In case the total 
comprised angle o is greater than 7r 

rad, the resulting image will show 
sections of doubled intensity 

Next the effect of spider width on image quality is analyzed. Like the centra! obstruction 
formed by the secondary mirror unit, the secondary spider also constitutes apart of the 
aperture, blocking incoming rays of light. 

§6.2 Obstruction 
In [6], an analysis has been done on the effect of obstructions in the aperture. The results 
are quantified by measuring the encircled energy on the image plane, also known as the 
modulation transfer function (MTF) of the system. The MTF relates the total energy 
coming into the system with the energy delivered to the image plane, as a function of the 
image plane radius. Any obstructions or diffractive elements will result in a decreased 
MTF value at a specific location in the image. Hence, a normalized MTF graph can 
quantify the system performance. Figure f6.7 shows an MTF graph based on the size of 
the centra! obstruction caused by the secondary mirror unit. 
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Figure f6.7: Diffraction limited MTF graph fora telescope system, 
for different sizes of the secondary mirror unit 

The encircled energy throughout the image plane is higher when the size of the centra! 
obstruction is smaller. In figure f6.7, the size is indicated by the dimensionless number E, 

which relates the diameter of the centra! obstruction to the system aperture diameter. 
On the x-axis, the radius is related to the system parameters U/D, which makes the results 
valid for any given system focal ratio or wavelength. 
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Figure f6.7 shows the diffraction limited MTF graph, which implies the system 
components are perfectly positioned and aligned. The only possible aberrations in the 
system will be due to diffraction effects. All graph lines in figure f6. 7 indicate some loss 
of energy due to diffraction. This loss is greater near the center of the image field or for 
larger obstructions. Near the edge of the image field, all MTF lines converge to the 
theoretica} 100% encircled energy value. Y et this value will never entirely be met, since 
the wave characteristic of light prescribes that there is always some small value of 
diffraction left in the image. 

A sirnilar analysis has been done for the obstruction formed by the secondary spider. First 
of all, the size of the spider is exarnined. 
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Figure f6.8: Diffraction limited MTF graph, for varying spider thickness 

Figure f6.8 shows the diffraction lirnited MTF graph for an aperture obstructed by both 
the secondary rnirror unit and a four-legged spider. The diameter of the secondary rnirror 
unit is set to 30% of the aperture diameter. The spider leg geometry is parameterized by a 
dimensionless length, denoted by 

a P=v 
(6.01) 

where a is the length of a single spider leg. In this analysis fJ is kept constant, fixing the 
size of the centra} obstruction. The thickness of the spider leg is made dimensionless as 
well,by 

b 
ö=

D 

where b is the absolute thickness of the spider leg. 

(6.02) 

The results in figure f6.8 are concentrated on the top 20 percent of encircled energy. They 
indicate that for an increasing value of J, the MTF of the system is decreased. 
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Also, compared to the results in figure f6.7, the encircled energy on the image plane is 
slightly less when a spider is present, especially near the center of the image where the 
gradient is high. This is purely due to diffraction caused by the spider, which spreads the 
energy out into the induced spikes. Figure f6.9 shows a series of experimentally acquired 
images, related to the graph in figure f6.8. 
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Figure f6.9: Effect of spider thickness on image formation 

A narrow spider leg produces an image in which the encircled energy is larger near the 
center. Compared to wider spider legs, the spikes are shorter relatively to the centra! spot 
size. The conclusion is that spider legs are best designed as narrow as possible. Not only 
does a narrow spider form a smaller obstruction in the system aperture, it also reduces the 
relative spike length. This creates an image more closely representative of the actual 
object. 

Next, the effect of various spider shapes is analyzed using a similar MTF based approach. 
Figure f6. I 0 shows a number of common, as well as arbitrary, spider configurations. 

l 2 3 4 5 6 7 

Figure f6.10: Analyzed spider configurations 

Analyzed spider configurations include straight-legged versions, curved-legged versions, 
as well as off-axis spider configurations. Configuration 6 represents a purely imaginative 
spider configuration, which is used mainly for purposes of discussion. The MTF graph in 
figure f6. l l shows the diffraction limited results for each spider configuration. Each MTF 
graph line is accompanied by a number, which corresponds toa configuration depicted in 
figure f6. l 0. During the analysis, the diameter of the centra! obstruction is set to 20% of 
the aperture diameter, and the spider leg thickness is set to 2% of the aperture diameter. 

The MTF graph indicates that the three-legged straight spider ( I) provides the best 
imaging results, while the star-shaped configuration (7) provides the worst. Since all lines 
show the same kind of progression in the MTF analysis results, the only possible 
conclusion is that the image quality is only dependent on the total length of the spider 
legs. 
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This can also be seen in figure f6.10, where the spider configurations are actually listed 
according to their total spider leg length. Or, in other words, the obstructed area should be 
as small as possible. This is in accordance with the previous analysis. 
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Figure f6.11: Diffraction limited MTF graph, for different spider configurations 

Considering diffraction, results have proven that a well designed curved spider 
configuration produces an image without spikes. In figure f6. l 0, the only properly 
designed spider is the four-legged curved spider; nonetheless it provides poor MTF 
results. In terms of encircled energy, configuration 2 gives better results. Yet, the circular 
spider contains an are angle of 21t radians, which implies it forms an image that is too 
bright and too large. Moreover, the center of curvature of this spider lies aside from the 
optica} axis. The inference is that a very bright diffraction spot occurs somewhere off
axis on the image field, while the viewed object is located on-axis ! 

The same holds for any other spider configuration where the spider legs are not pointed 
directly towards the optica} axis. In case of the four-legged curved spider, diffraction also 
causes bright spots to form off-axis; the symmetry in the configuration compensates for 
this effect. 

Considering the total amount of encircled energy reaching the image plane, it is better to 
use a straight-legged spider than a curved-legged spider. A straight spider leg requires a 
smaller obstruction surf ace than a curved leg, for the same leg thickness. Regarding the 
distribution of the encircled energy, it is better to use a curved-legged spider, avoiding 
spikes. 

§6.3 Dynamic Analysis 
The previous optica} analysis has indicated that the obstruction surf ace area created by 
the secondary spider should be as small as possible. The following structural analysis will 
try to meet this demand, while providing the highest possible support stiffness for the 
secondary rnirror unit. Therefore, the design of the secondary mirror unit is included in a 
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FEM model, in which several spider configurations are analyzed in terms of 
eigenfrequency. The eigenfrequency analysis will be used to make a choice for the most 
appropriate spider configuration. During the FEM analysis, all spider configurations are 
modeled according toa similar set of boundary conditions. 

The in-plane geometry of the spider configuration is 
based on a circular system aperture of 0300 mm and a 
circular obstruction caused by the secondary mirror 
unit of 0100 mm, the Jatter being aligned with the 
optica) axis. All spider configurations are designed 
within the remaining aperture area, and are rigidly 
fixed to the edge of the aperture, as sketched in figure 
f6.12. The aperture area obstructed by the secondary 
spider is set to 1 % of the total aperture area. In case of 
a 300 mm aperture, the obstructed area is equal to 

A,,,ider =0.0lnR/ =7.1-10-4 
m

2 

where A,,,;i1er is the area obstructed by the secondary 

spider and RA is the aperture radius, equal to 150 mm. 

305 

Figure f6.12: The spider geometry 
is limited by the secondary mirror 
unit and the edge of the circular 

aperture 

Si nee A,pider, as well as the size of the aperture and its centra) obstruction are set equal for 

any modeled spider configuration, the thickness of the spider legs depend only on the 
number of spider legs used and the overall shape of the legs. 

Lastly, the width of the spider is set to 30 mm, and is constant over the entire length of 
the spider legs. This is an arbitrary value, since it is not of particular interest for this 
analysis. 

Figure f6.13 shows a number of analyzed spider configurations, in which the obstructed 
area is normalized to 1 % of the aperture area. This does not include the obstruction 
caused by the secondary mirror unit. In all three- and four-legged configurations, the Iegs 
are spread symmetrically over the aperture area. In the two-legged configurations, the 
legs are oriented downwards from the secondary mirror unit, at an angle of 45 ° with 
respect to the vertical. The radius of curvature in the curved configurations is dependent 
on the number of spider legs. The are angle encompassed by the legs is modeled 
according to the principle that <7

10
,u, = 1l rad. 

Each spider configuration has been modeled and analyzed in terms of eigenmode and 
corresponding eigenfrequency. The simplified secondary mirror geometry has also been 
included in the analysis, contributing a dynamic mass of 0.350 kg. The spider legs have 
been rigidly fixed to the secondary mirror unit on one side, and to the edge of the aperture 
on the other side. 
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The model is assumed to be a single solid part, having material properties corresponding 
to aluminum alloy 6061. 

(A) Two-legged straight (B) Three-legged straight (C) Four-legged straight 

(D) Two-legged curved (E) Three-legged curved (F) Four-legged curved 

Figure f6.13: Analyzed spider configurations. The area obstructed by the spiders is normalized to 
1 % of the aperture area 

The geometry of the secondary mirror unit is simplified so that the stiffness of the part is 
infinitely high compared to the stiffness of the spider legs. The model can thus be 
considered as a mass-spring system, where the secondary mirror unit represents the mass 
and the spider legs represent a set of springs. Upon dynamic loading, any occurring 
eigenmodes are qualified by the resulting motion of the secondary mirror unit. 
Configuration (A) in figure f6. l 3, for instance, will show the following first four 
eigenmode shapes, as presented in figure f6. l 4. 

Mode 1: 
cp-rotation 

Mode 2: 
0-rotation 

Mode 3: 
\jl• rotation 

Mode 4: 
z-translation 

Figure f6.14: First four eigenmode shapes for the two-legged straight spider configuration 

Similarly, the modeshapes of all spider configurations have been analyzed. Since the 
main objective of this analysis is to formulate a statement of the relative stiffness 
provided by the spider configurations, it is sufficient to calculate only the first four 
eigenmode shapes. 
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Furthermore, the eigenmode shapes can be listed in terms of importance. Since the 
analysis is based on spider configuration models subject to certain geometrical boundary 
conditions, these have a direct intluence on some of the eigenmodes. Modes I and 3, e.g., 
are mainly dependent on the width of the spider, which is set to 30 mm. If the width 
would be increased, the modeshape would occur later in the frequency spectrum, i.e. the 
(f)- and 1/f-Stiffness of the spider would be increased. Since the width of the spider so far 
has had an arbitrary value allowed to be changed later, the corresponding eigenmodes are 
inconclusive about the stiffness of the spider configuration. 

Modes 2 and 4 are dependent on the length and thickness of the spider legs. Since the 
length of the spider legs is a fixed parameter, the only important variable is the thickness 
of the legs. Hence, modes 2 and 4 provide a direct indication of the effectiveness of a 
certain type of spider configuration. Since the 0-mode generally occurs earlier than the z
mode, the farmer is the most significant analysis result. Despite the system being 
rotationally symmetrical, the 0-mode does have an effect on optica! performance. Fora 
two-legged spider, a 0-rotation of the secondary mirror unit will result in a combined x
and y-displacement. In other spider configurations the secondary mirror unit stays in 
place, yet the deformed spider legs will have a lowered stiffness in all directions. 

Accordingly, all analyzed spider configurations are judged based on the eigenfrequency 
belonging to their 0-mode. Frequency results for the first four eigenmodes are listed in 
table t6.1. 

Table t6.1: Frequency results for the first four eigenmodes of various spider configurations 
Spider Configuration 

(A) Two-legged straight 
(B) Three-legged straight 
(C) Four-legged straight 

(A2) Alternative 
Two-legged straight 

(D) Two-legged curved 
(E) Three-legged curved 
(F) Four-legged curved 

(G) Single-legged curved 

Mode frequency [Hz] 
Mode 1 Mode2 

241 260 
182 736 
137 761 

266 454 

102 190 
195 322 
155 329 

27 31 

Mode3 
1396 
1201 
909 

455 

286 
322 
329 

109 

Mode4 
1708 
1201 
909 

758 

325 
507 
546 

137 

= 0-mode 

The results indicate that between the six spider configurations depicted in figure f6. l 3, 
the two-legged straight spider is by far the most efficient in terms of stiffness. Apart from 
the first mode, all other mode frequencies are higher than provided by the other 
configurations. Most importantly, the 0-mode is highest for the two-legged configuration, 
making it the recommended spider shape. 
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The conclusion is that the spider configuration with the thickest and shortest spider legs 
delivers the best dynamica} performance, as expected. A large thickness-to-length ratio 
implies a high resistance against bending, which is the mechanica} loading of the spider 
legs caused by 0-rotation of the secondary mirror unit. This can be seen more clearly by 
considering that in each spider configuration, the legs are pointing towards the optica} 
axis. Therefore, their highest stiffness, which is oriented in-plane, cannot be used to 
support the secondary mirror unit in 0. 

Comparing curved and straight legs, results indicate that except for the two-legged 
configuration, curved legs provide a higher 0-mode frequency. Tuis can be explained by 
considering the spider legs' cross-sectional area, which determines their secondary 
moment of area. For the curved legged cases, the secondary moment of area is higher 
than for the straight legged configurations, thus resulting in a higher bending resistance. 
As the radius of curvature of the spider legs is increased, their length is increased as well. 
Tuis effect has a negative influence on bending resistance. Yet, this effect only becomes 
visible for large radii of curvature, as is the case in the two-legged configurations. 

Moreover, the straight legged configurations produce significantly higher frequency 
results for any of the higher modes, which involve in-plane loading of the spider legs. 
The alternative configuration for the two-legged straight spider 
has been an effort to increase the 0-mode frequency, by adding 
an extra set of spider legs tangentially to the secondary mirror 
unit, as sketched in figure f6. l 5. Yet, since the total spider area 
is kept equal, compared to the original two-legged spider the 
legs of the alternative configuration are twice as thin. Table t6.1 
indicates that the 0-mode frequency has indeed improved by 
75%; however the higher mode frequencies have dropped. Ina 
mechanica} point of view this is not a problem, since only the 
lowest eigenfrequency determines the bandwidth of the system. 
Yet for optical reasons configuration (Ai) is undesirable, for it 
produces a diffraction pattem highly degrading to the image. 

Figure f6.15: Spider 
configuration A2 

Configuration (G) has been modeled to make a comparison with 
the secondary spider used by the Gladius CF315 by Lazarotti 
Opties, which is a telescope design for the same market as the 
one proposed in this report. The Gladius uses a circular 
secondary spider, which supports the bottom of the secondary 
mirror unit to a frame located undemeath. Results indicate 
configuration (G) is inferior to any other kind of analyzed spider 
configuration. Moreover, the circular spider configuration 
produces a double intensity diffraction pattem located off-axis in 
the image, which is highly undesirable. Figure f6.16: Spider 

configuration G 

Finally, the overall effect of the secondary spider on the image quality needs to be 
analyzed. This can be divided into two parts; one being the diffraction caused by the 
obstructing geometry, the other being the dynamica} performance of the support. 
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Considering diffraction, a well-designed curved spider produces a nice circular 
diffraction pattern, resembling an Airy disc. A straight legged spider produces spikes in 
the image. Ina mechanica! point of view, a curved spider delivers dynamic performance 
inferior to straight legged spiders, by as much as 25% for the two legged configurations. 
A better dynamica) performance of the secondary spider produces a Iess blurry image for 
long exposure times. As these effects are contradictory, the conclusion must be based on 
personal experience or preference. 

Correspondence with an amateur astro-photographer [7] has pointed out that a rigid 
suspension of the secondary mirror is more preferable than an image without diffraction 
spikes. If diffraction spikes are relatively small, most of the encircled energy will be 
located near the center of the image. If necessary, the spikes can be filtered out using 
post-processing image software. Fora blurred image it is much more difficult to be 
digitally enhanced. Moreover, diffraction spikes can be used to calibrate the system. 
Since the spikes are perfectly straight and oriented through the optica! axis, they give a 
clear perception of the system alignment. 

The size of the diffraction spikes can be held small, by keeping the area obstructed by the 
spider as small as possible. The suggested 1 % obstruction relative to the total aperture 
area is a decent criterion. For the two-legged straight spider this implies a leg thickness of 
3.5 mm, almost similar to the case of ö = 0.01 in figure f6. l 3. 

Therefore, the recommended spider configuration is of a straight-legged type, displaying 
the best dynamica! performance -since it has the highest eigenmode frequencies- while 
keeping the obstructed area to a minimum. The two-Iegged straight spider wil! be used in 
the design for the proposed telescope system. Next, the secondary mirror unit and spider 
need to be connected toa structural frame, supporting and positioning the components 
with respect to the primary mirror unit. 
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Chapter 7: Structural Frame 

With the primary and secondary mirror positioned and mounted in their suspension, a 
structure needs to be designed to form a connection between the two. The structure has to 
position the two subsystems relative to each other, and offer adequate stiffness so that the 
positioning error stays below tolerances defined for the secondary mirror position, as 
calculated in chapter 4. 

Chapter 9 will point out that an open-structure telescope 
design is most beneficia} for the system's optica} 
performance, as it thermally balances the optical 
components with the surrounding atmosphere. Tuis implies 
the connection between the primary and secondary mirror 
is best done by constructing a frame based on a truss 
design, like the attempt depicted in figure f7 .1. 

Another design requirement of the telescope was that the 
system could easily be disassembled into modules, making 
it fit into a piece of luggage allowed onto an airplane. A 
truss design consisting of many members will not be able to 
meet this demand. A possible solution would be to replace 
the truss design by a single off-center tube, holding the 
optica} components in place by brackets. Tuis allows the 
frame to easily be divided into separate parts. Tuis principle 
is sketched in figure f7 .2. 

The bracket holding the primary 
mirror is rigidly fixed to the 
telescope mount, making this end 
serve as a reference, while the 
middle section and the bracket 
holding the secondary mirror unit 
define the position for the 
secondary mirror. 

© 

mount 

Figure f7.1: Open-structure 
telescope using a truss design 

©@@•uggestad modul• 

From here on, the frame will be 
referred to as the structural frame, 
while in the following part the 
various sections will be treated 
separately, starting with the 
middle section. 

Figure f7.2: A design solution for the structural frame by 
using brackets holding the optical units. It can easily be 

divided into separate detachable modules 
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§7.1 Frame Tube 
The middle section of the frame is relatively slender compared to the end sections and 
thin-walled, yet bending moment loaded, it will be the most significantly determining 
factor in the positioning accuracy of the secondary mirror unit. The length of the middle 
section will be in the order of 500 up to 800 mm, dependent on the focal ratio of the 
system. 

Considering the function and use of the telescope it should be able to stand outside, 
where windy conditions (within reasonable limits) area common possibility. Also, the 
telescope is pointed to a certain object, which can appear in the sky at any possible angle 
relative to the viewing location. Moreover, the rotation of the Earth causes stellar objects 
to appear to move, making the pointing direction of the telescope always follow a certain 
trajectory in time. The tracker drive should not induce vibration on the system. All these 
are dynamic conditions that are always present. To worsen the case, even momentary 
ground vibrations or user induced forces could be included in the consideration. Yet, the 
conclusion remains that any kind of dynamic load on the telescope has a negative effect 
on image quality. Image quality is best when the telescope is held absolutely motionless 
in <p and f// relative to a focused object, fora certain amount of time. 

On one end, the middle section is connected to the fixed bracket. Considering the 
relatively small base on which this is done, combined with the axial length of the 
telescope, this causes a variant of the "palm tree" effect, as the design is apt to become 
unstable under dynamic loading. To avoid dynamic conditions to have an effect on image 
quality, it is vita! to design the telescope as light and stiff as possible. This quality can be 
measured in terms of eigenfrequency. All of the telescope's components should have an 
eigenfrequency as high as possible, so that the system eigenfrequency is high as well. 
Since the structural frame is a considerably large and important part of the telescope, it is 
essential that it is designed with utmost care and expertise. 

First of all, the material choice has a significant influence on the dynamic performance of 
the system. Preferably, a material with high Young's module and low density is used, as 
this largely defines the stiffness-to-mass ratio, also known as the specific stiffness. A 
chart of specific stiffness is given in figure t7.3. The chart indicates either metals, 
composites or ceramics can contain these properties. 

Compared to metals, composites give the advantage of having low thermal expansion and 
diffusivity, and contribute a considerable amount of internal damping to the component. 
This improves both thermal and dynamic stability. Ceramics are quite brittle and only 
strong under compressive loading, whereas composites can be laminated according to any 
desired direction of loading. Therefore, composite materials are most suitable for the 
application. 

A good material choice for the structural frame would be carbon fiber reinforced epoxy, 
which has an average Young's module of 70 0Pa and a density of 1800 kg/m3

• 
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Carbon fiber reinforced epoxy, or 
CFRE, is widely available, though at 
costs noticeably high when compared 
to traditional metals such as alurninum 
or steel. Also, a CFRE component is 
built up of layers, which have to be 
larninated using a mold and plug in a 
vacuum bag to cure under temperatures 
around l l0°C. Tuis will bring along 
some additional labor costs. For small 
product series, the overall costs are 
manageable. When mass production is 
considered, using metal components 
would be a cheaper option. 

Since the frame is guided along a 
certain distance parallel to the optical 
axis of the system, any dynarnic 
loading on the system will result in 
combinations of bending and torsion. 

! 0.01 

1 10 
l'llor ......... 

--lo-weightlllio 
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(kNm/kg) lo-wli9'&t lllio --

Figure t7.3: Specific stiffness vs specific strength for 
different material types 

Consequently, the secondary rnirror unit will move away from its ideal position. The 
effects of dynarnic loading are stronger for components further away from the telescope 
mount and for components with high mass. Therefore, the frame should be designed such 
that it provides adequate stiffness in bending, torsion as well as axial direction, while 
being as light and compact as possible. Tuis implicates that preferably, the frame should 
be made tubular and conical, with an outer diameter or wall thickness as large as possible 
near the telescope' s mounting point. The end of the frame, near the secondary rnirror 
unit, can have a smaller diameter or wall thickness since the bending stress is inversely 
proportional with the distance to the mount. Also, this reduces the mass of the frame. 

Yet, the size of the frame can not be infinitely increased to improve its stiffness. 
Moreover, a conical frame is much more difficult to produce than a simple tubular frame, 
which rnight be bought as a standard product from a supplier, if desired. Also, the tube 
can be used to fit a seeker/follower system. Hence, recommendation goes out toa tubular 
frame. 

The type of loading most vulnerable to the frame is bending, due to the length of the 
frame and the influence of gravity on the mass of the components. Since most of the mass 
is concentrated near the outer end of the telescope, the center of gravity of the free end of 
the frame will be located near the secondary rnirror ("palm tree effect"). Statically, forces 
induced by gravity are largest when the gravity component is perpendicular to the optical 
axis, in other words, when the telescope is pointed toward the horizon (depicted in figure 
t7.4). The maximum force occurring is used to predict the deviation at the secondary 
rnirror unit caused by bending, dependent on the dimensions of the tube. 
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The mass of the secondary mirror unit and its support is assumed to be 1.0 kg and the 
length of the frame tube, L, is set to 700 mm. The maximum allowable deflection is 
defined by the tolerance limits calculated for the position of the secondary mirror, as 
discussed in chapter 4. 

L 

CG 

second,1ry ! 
mlrror unit 

g 

From these tolerance limits the implication can 
be made that the (f)- and ljl-rotation of the 
secondary mirror are allowed to have the 
smallest deviation. These can be directly 
related to (f)- or ljl-rotation of the end of the 
frame tube. Since the gravity vector is always 
in the y-z plane, gravity can only cause a 
rotation around the x-axis. Therefore, the 
analysis of the frame tube will concentrate on 
the (f)-rotation of the end of the beam, caused 
by bending. 

-------------------33 yh 
frame tube 

Figure tï.4: Simplified lay-out of the frame 
tube design 

The simplified equation fora rotation caused by bending is given by 

(7.01) 

Where F is the force working on the tube at distance L from the point where the tube is 
fixed, E is the Young's module of the material used and J is the second moment of area. 
Fora circular cross section, 1 is given by 

J=.!!.._(D4-D4) 
64 O I 

(7.02) 

with D and D the outer and inner diameter of the frame tube. When <p is set to the 
0 I 

maximum allowable rotation of the secondary mirror 

<p = </Jmax = 1. 1 · 10-4 rad 

Equation (7.01) can be rewritten so that 

D 4 -D 4 = 32mgL
2 

(/ ' E 
lr</Jmax 

(7.03) 

when the force Fis set equal to F = mg, with m the mass of the secondary mirror unit 

and its support, m., , added to the mass of the tube, m
1 

• To simplify the analysis, m
1 
is 

assumed be 0.5 kg. 
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m 
m = m,. +-1 = 1.2 kg . 3 

(7.04) 



When (7.04) is combined with equation (7.03), the right hand side of (7.03) becomes 
constant, so D

0 
can be calculated for any D; . 

Tuis leads to the following results for the tube dimensions, as depicted in figure f7.5. For 
convenience, the outer diameter D

0 
has been converted toa wall thickness t given by 
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Figure f7.5: Frame tube wall thickness and mass vs inner diameter 
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Figure f7.5 clearly indicates that fora given second moment of area, the required wall 
thickness rapidly decreases for larger inner diameters. The same holds for the mass of the 
tube, which decreases with increasing inner diameter. 

Since the size of the frame tube is limited by the available volume in the piece of 
luggage, a choice is made to give the frame tube an outer diameter of 100 mm, with a 
wall thickness of 2.5 mm. Consequently, the inner diameter of the frame tube is 95.0 mm. 
Results from figure f7.5 show an inner diameter of 95.0 mm only requires a wall 
thickness of 1.3 mm, making the provided stiffness more than adequate. Furthermore, the 
mass graph indicates that an inner diameter of 95.0 mm closely corresponds with the 
assumed tube mass of 0.5 kg, hence the calculation results can be held valid. 

§7.2 Secondary Support Frame 
The bracket holding the secondary mirror unit is referred to as the secondary support 
frame, and is attached to the frame tube.To provide a fluent transition between the two, 
the secondary support frame should have a tubular cross-section on one end. Secondly, 
the secondary support frame provides a connection to the secondary spider. lt is 
important that forces running through the spider legs are diverted into the frame as 
efficiently as possible, to shorten the force loops and to increase the stiffness-to-mass 
ratio of the component. Meanwhile, the aperture of the telescope must not be obstructed. 
Tuis implies the secondary support frame must be shaped around the circular aperture. 

Furthermore, the secondary support should contain a centra} hole, which is aligned with 
the frame tube. This keeps the possibility open for the placement of a seeker/follower unit 
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inside the structural frame. The result is a structure as sketched in figure t7.6, where the 
support frame is sectioned in a plane perpendicular to the optica! axis. 

The secondary mirror unit and the circular aperture, as 
well as the centra! hole connecting to the frame tube, 
are displayed in the cross-section view, giving a clear 
idea of the scale of the secondary support frame. 
Figure t7.6 further indicates the ideal force lines 
running straight from the spider legs and tangentially 
into the wall of the frame tube. Any material used in 
the design of the secondary support frame is most 
efficiently utilized when it is concentrated around the 
ideal force lines. Hence, most of the secondary 
support frame can be made hollow. 

The force lines depict the location of sheet material, 
oriented along the force lines and in axial direction. 
This would provide efficient stiffness in x, y and 0. 
The z-stiffness of the component is dependent on the 
axial length of the component. The remaining degrees 
of freedom, <p and 1/f, can be fixed by adding sheets of 
material to the front and backside, nmaking the 
component a hollow, closed and ventilated structure. 
This leads to a 3-dimensional design as shown in 
figure t7. 7. 

Note how the design contains spider legs 
that have a sloping frontal edge. This is 
possible because the spider legs only form 
an obstruction to the optica! system in axial 
direction or very small angular variations, 
so that the depth of the spiders has no 
significant effect on the optica! 
performance. The spider legs are attached 
to the secondary mirror unit, where the 
available axial connection length is limited 
by the length of the non-rotating part of the 
mirror unit. On the tube-near side, the 
connection length can be chosen freely . 

Figure f7.6: Cross-section sketch of 
the secondary support frame 

Isometrie Right 

Obviously, a Jonger axial length for the 
spider will produce a higher <p-stiffness 
between the secondary mirror unit and the 

Figure f7.7: Isometrie and right-hand view of 
the secondary mirror unit and its support 

support frame. The shape of the spider had no influence. Figure t7.8 shows the side views 
of three possible spider shapes, and their corresponding eigenfrequency involving <p

rotation. 
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217.8 Hz 220.4 Hz 219.4 Hz 

The spider shapes all have a top length of 
26.0 mm, as is the case in the actual 
design of the secondary mirror unit. The 
thickness of the spiders is set to 2.0 mm. 
The eigenmode values shown in the figure 
correspond toa spider base length of 75.0 
mm, and are proven to be almost equal for 
the different shapes. Tuis is the case for 
any base length, though the 
eigenfrequency will slightly rise. 

Figure f7.8: Three possible spider shapes with 
corresponding q,-eigenfrequency 

Considering the total length of the structural frame, the first of the shapes is preferred. 
Tuis shape bas the inclined edge facing the primary mirror, and a vertically straight edge 
from the secondary mirror downwards. Thereby, the axial length of the structural frame is 
reduced to a length defined by the axial position of the secondary mirror, and the overall 
center of gravity is shifted towards the telescope mount. Furthermore, the length and 
mass of the frame tube are reduced. The lower edge of the secondary support frame can 
be chamfered to remove any excess material to lower the mass even further. This is 
depicted in figure f7. 9. Y et the axial length of the secondary support frame must be 
increased as well. Tuis principle is used to analyze to what extent the base of the 
secondary spider legs can be shifted forward, optimizing the eigenmode frequency of the 
free end of the structural frame. 

The following analysis will be an eigenmode 
evaluation of the system depicted in figures f7. 7 
and f7. 9. The structure contains the secondary 
mirror unit, the frame tube and the secondary 
support frame. The outer wall thicknesses of the 
latter are set to 2.5 mm, while the secondary 
support frame bas an inner plate structure with a 
thickness of 1.0 mm. The frame tube is rigidly 
fixed on one end, as shown in figure f7.9. Tuis 
end corresponds with the point where the 
structural frame is connected to the telescope 
mount. The secondary mirror unit is placed in the 
ideal position, as prescribed by the optical design 

Figure f7.9: The spider base length, w, is 
increased, shifting the center of gravity 

of the structural frame towards the 
telescope mount 

belonging to f/13.3. Furthermore, the secondary support frame is shaped as depicted in 
figure f7.7 and f7.8. For comparative purposes, the connection stiffness between the 
various system components is assumed to be infinite, i.e. the system is regarded as a 
single part. 

Mechanica} properties of the model include material properties belonging to aluminum 
6061. In reality, some of the components are made of CFRE. This material bas a Y oung' s 
module equal to aluminum, but a density 33% lower. Tuis implies that any found 
frequency results will be lower than the actual case. 
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After being modeled in NX5, the first four mode shapes and corresponding frequencies of 
the have been analyzed using NASTRAN5.O. This leads toa set of mode shapes as 
depicted in figure n.10. 

MODEy 

Figure 17.10: First four mode shapes belonging to the free end of the structural frame 

Mode a generally is the first of the mode shapes, as it describes the out-of-plane bending 
of the secondary spider legs, which are relatively thin. This results in a 0-rotation as well 
as a small x- and y-displacement of the secondary mirror unit. 
Mode p involves the up and downward flexure of the frame tube, with the secondary 
mirror unit and support frame as the load mass. This results in a large <p-rotation and y
translation and a small z-displacement of the secondary mirror. 
Mode y is si mi lar to mode ~, only now the flexure of the frame tube is in sideways 
direction. Concerning the secondary mirror, this implies a large 'l'-rotation and x
translation, as well as a relatively small axial displacement. 
Mode ö occurs when the secondary mirror unit gets a <p-rotation around the top of the 
spider legs. The frame tube remains relatively stationary. 

Meanwhile, the width of the spider base is varied. Figure n.11 shows the results for the 
axial location of the center of gravity for varying spider base width. The graph indicates 
that for increasing spider base width, the center of gravity moves closer toward the 
telescope mount, thus reducing the dynamic length of the system. This also results in a 
smaller required length for the frame tube, as predicted earlier. 

Figure n.12 shows a growing system 
mass when the spider base width is 
increased. While the frame tube can 
be shortened, the axial length of the 
secondary support frame needs to be 
increased to fully support the spider. 
However the width of the secondary 
support frame stays the same. Since 
the plate thicknesses of the wall and 
internal structure remain constant, the 
mass of the secondary support frame 
is increased. Since the increase in 
mass for the secondary support frame 
is higher than the decrease in mass 
for the frame tube (as a result of the 
shorter required length), the overall 
system mass is higher. 
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Figure 17.12: System mass vs spider width 
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The previous design influences lead to a series of results for the eigenfrequencies 
belonging to the modes depicted in figure f7.10. These are graphically presented in figure 
f7.13. 
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Figure 17.13: System eigenmode frequencies vs spider width 

Results indicate the frequency of mode shapes a, ~ and y only slightly changing when 
spider base width is varied. Mode shape a involved out-of-plane bending of the spider 
legs. An increase in spider width contributes to the stiffness of the spider legs, but this 
effect is only slightly noticeable in the frequency graph. Tuis mode could best be 
improved by increasing the thickness of the spider legs, which offers a higher bending 
resistance than increasing the width of the spider. When considering the bending of the 
spider legs in more detail, special attention should be paid to the point where the spider 
legs are fixed to the secondary rnirror unit. Tuis is the point where the highest bending 
moment occurs. Therefore, a possible solution to enhance the bending resistance of the 
spider legs is to thicken this part by inserting a wedge. This is depicted in figure f7 .14. 

Mode shapes ~ and y involve bending 
of the frame tube, with the secondary 
rnirror unit and support as a load 
working on the end. Vital for the 
frequency of this mode shape is the 
mass and the location of the center of 
gravity of these components. These 
factors deterrnine the norninator of the 
bending equation. 

Figures f7 .11 and f7 .12 show that as 

o.toi A 

Figure 17.14: A wedge in the spider legs near the 
secondary mirror will enhance the bending 

resistance 

the spider width is increased, the center of gravity moves closer to the telescope mount, 
while the mass increases. These effects seem to cancel each other out, since the 
eigenfrequencies for bending of the frame tube remains fairly constant. The frequencies 
belonging to mode shape y are generally higher than the values belonging to mode shape 
~- Tuis is due to the presence of symmetry in the direction of movement for mode shape 
y. Mode shape ~ involves a q,-rotation of the secondary rnirror, whose own center of 
gravity is located at a distance from the tube centerline. Therefore, the moving mass also 
causes an angular acceleration force on the frame tube. 
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Mode shape 8 comprised q.i-rotation of the secondary mirror, around the edge of the 
spider. lncreasing the spider width is a very effective way to improve the eigenfrequency 
belonging to this mode, as can be seen in figure fl .13. The in-plane stiffness of the spider 
legs is raised by increasing the spider base width or decreasing the spider length. Since 
the latter is not allowed, the former is the only effective way to increase the frequency. 

The eigenmode frequencies involving the free end of the structural frame are the lowest 
values among the entire telescope system design. A reference is made to the 
eigenfrequencies of the primary and secondary mirror and their suspensions, which have 
already been proven to be significantly higher. Therefore, optimizing the dynamica) 
performance of the structural frame will result in an overall improved telescope design. 

Considering these aspects, the following optimized results have been achieved for the 
dynamica) behavior of the system. These are listed in table t7. I 

Table t7.1: Optimized lowest eigenmode 
frequencies for the system 

Mode a 
Modep 
Modey 
Modeö 

Frequency [Hz] 
220 
180 
190 
250 

The values in table t7.1 belong toa spider width of 65.0 mm and a spider thickness of 3.0 
mm. The outer wall thickness of the frame tube and secondary support frame are kept 2.5 
mm, to ensure the component not becoming too fragile. The mass of the secondary mirror 
frame is estimated 

m secondary.w,pport z 0.23 kg 

In summation, the effects of changing the spider width on dynamica! performance of the 
system are directly noticeable in the 8-mode only. The other eigenmode frequencies 
remain relatively constant. Thea-mode can be improved by increasing the spider 
thickness and adding a wedge in the spider legs near the secondary mirror unit. The ~
and y-mode can only be improved by increasing the frame tube diameter near the base or 
by substantially decreasing the weight of the secondary mirror unit and its support. 

The spider width does not only affect the dynamic behavior of the system, but also brings 
along other consequences. Hence, a Jonger spider width requires a shorter length of the 
frame tube, possibly making it easier to fit the telescope in its suitcase. This has been 
taken into account during the optimization process. Further details about the lay-out of 
the disassembled telescope in its suitcase are discussed in chapter 13. 
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Another design option far the structural frame includes a 
farked frame tube. The ends of the fark are directly 
connected to the spider legs, thus elirninating the need 
far a separate secondary support component. Tuis 
principle is sketched in figure f7 .15. 

The original frame tube is divided into two hollow 
branches, either of which holds a spider leg. As the 
spider legs are oriented perpendicular to the frame tube, 
the branches are shaped conical, converging towards the 
outer ends. The wall thickness of the branches is 
constant and equal to the wall thickness of the frame 
tube, 2.5mm. 

Figure 17.15: Forked frame tube 
design 

To ensure proper stiffness of the farked frame, the component must be made in one piece. 
As was the case far the original design, CFRE would be a good choice far the material. 
Layers of CFRE can then be laminated around a plug, e.g. made of faam or wood. 
Stiffness of the component would greatly be enhanced if a supporting plate structure 
would be included inside. The plate structure is built at the junction of the frame tube and 
the branches, and equally distributes stresses from the branches into the frame tube, and 
vice versa. The plates provide stiffness against defarmation of the cross-section of the 
tube and branches. 

Figure f7.16 shows a section view of the 
farked frame, making the intemal plate 
structure visible. The plate structure is only 
subject to in-plane farces, as opposed to the 
rest of the component where bending is 
common. Therefare, the intemal plates can be 
relatively thin. The fark design makes it 
difficult to divide the frame into modules, 
considering the most desirable division is 
made in the tube. Tuis would imply the 
creation of a relatively large module (see 
figure f7.2), containing the secondary rnirror 
unit, the spider legs and the fark branches. 
Regarding the allowed volume far packaging 
the telescope, this is undesirable. Hence, the 
original design is considered more practical. 

Nonetheless, a first analysis on the dynarnics 
of the farked frame has been done, to exarnine 
the possibilities when the mobility issue is 
discarded. The results indicated that the farked 

Figure 17.16: Right view and section view of 
the forked frame tube. The plate structure 
is located at the fork junction and provides 

extra stiff'ness against buckling 

frame does have large potential. However, since the time available far optirnizing the 
structure was lirnited, no conclusion has been made on the final design. This rnight be 
something to consider far future engineering on the telescope design. As far now, the 
support structure will assume the design of figure f7.7. 
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§7.3 Primary Support Frame 
Now that the free end of the structural frame has been di scussed and analyzed, the 
remaining part is treated. This part of the structural frame supports the primary mirror 
unit directly onto the telescope mount and is the supporting base for the frame 's free end. 
To contribute to the di scussion, this part will be referred to as the primary support frame . 

The design possibilities for the primary support frame will first be explored by examining 
the geometrical limits. Some of these limits are set by overall telescope requirements, 
while others are set to avoid interference with previously di scussed components. 

Overall telescope requirements prescribe the following limiting aspects 
• The primary support frame has to support the primary mirror unit as well as the 

focuser unit; the Jatter able to easily be removed for maintenance when desired. 
• The telescope is connected to its mount by means of a dovetail. Therefore, the 

telescope needs to have a flat bottom surface where the dovetail can be attached. 
■ The structural frame needs to provide a possibility to install a seeker/follower 

optica) unit inside, which provides an image somewhere behind the primary 
mirror. This means the primary support frame has to contain an opening aligned 
with the frame tube centerline. 

• The overall volume dimensions required for the primary support frame need to be 
chosen such that the di sassembled telescope can fit into a prescribed luggage 
volume. 

First of all , the design of the telescope so far is reviewed. Figure fl.17 shows the correct 
position of the primary and secondary mirror unit for an f/13 optica) system. The 
secondary mirror unit is held in place by the secondary support and the frame tube, which 
extends beyond the primary mirror unit. This allows fora seeker/follower unit to be 
placed inside the frame tube and to form an image behind and below the primary mirror. 
Furthermore, a 11 0x200 mm dovetail plate is placed beneath the frame tube where the 
primary mirror unit is located. The dovetail plate allows a connection of the telescope to 
its mount. At best, the dovetail plate needs to be located right beneath the center of 
gravity of the primary mirror unit. Depending on the pointing direction of the telescope, 
the gravitational forces on the primary mirror unit vary in direction . Hence, the dovetail is 
required to have a certain length. 

In case the primary mirror unit is not supported directly beneath its center of gravity, the 
primary support frame is loaded by a torque. For a vertically upwards pointing telescope 
thi s is inevitable, so during the design of the primary support frame thi s has been taken 
into consideration . Nonetheless, the dovetail is best extended behind the primary mirror 
unit as far as possible. Extending the dovetail plate beyond the primary mirror unit 
implies that the total length of the telescope is increased as well , thus making it more 
difficult to package the system within the prescribed volume. The limit value for the 
extension of the dovetail plate is I 00 mm, measured from the primary mirror vertex , as 
indicated in figure fl.17 . 

The total length of the dovetail plate is set to 200 mm, to make up for the range of 
telescope pointing directions as well as to provide a long support base for the frame tube. 
A long support base is beneficia) for the support of the frame tube, as the required <p- and 
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'l'-stiffness provided by the primary support frame can be lower. Also, the length of the 
free end of the structural frame is reduced, improving its dynamica! performance. 

110 200 

Figure f7.17: System layout in back view (1) and right view (r) 

To avoid interference, the primary support frame has to be shaped around the backside of 
the primary mirror suspension, and beneath the primary mirror. Furthermore, the primary 
support frame has to offer high stiffness in all six relative degrees of freedom between the 
telescope mount and the primary mirror unit. The provided stiffness needs to be high 
enough to assume a rigid connection, compared to the rest of the structural frame. Only 
on this basis can the position of the primary mirror serve as a reference for the rest of the 
optica! components, and their alignment tolerances. 

The red lines in figure f7 .17 depict the possible outlines for the design of the primary 
support frame. The back view indicates the primary support frame should hold the 
primary mirror unit and the focuser by means of a circular support, with a diameter of 
85.0 mm. The bottom of the primary support frame should contain a 100.0 mm clearance 
hole, to accommodate the frame tube. The clearance hole runs parallel to the optica} axis, 
at a distance of 215.0 mm. Between the top and bottom hole, the primary support frame 
needs to run in between the primary mirror suspension components. 
The top part of the support frame runs from the focuser unit vertically down, while the 
bottom part is shaped somewhat conically with an increasing section width until it is 
sufficient to contain the frame tube. The bottom of the primary support frame is flattened, 
to provide a surface to attach the dovetail plate. 

The right view in figure f7 .17 displays the dovetail plate relative to the primary mirror 
unit. The primary support frame consists of a rectangular bottom section, comprising the 
frame tube and offering a rigid support. From there on, the support frame runs conically 
upwards, avoiding interference with the primary mirror unit, until it forms another 
rectangular section holding the focuser unit. Since this is a fairly complex shape, the 
dynamic behavior of the support frame might be difficult to analyze without using FEM 
software. The dashed lines indicate the proper locations for reinforcement plating to 
enhance stiffness. 
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This principle is elaborated toa physical design for the primary support frame, which is 
discussed in the following paragraphs. 

First of all, the primary support frame consists of a component, indicated in figure t7 .18 
as the suspension holder. The suspension holder is a ring with an inner diameter of 75.0 
mm, corresponding with the outer diameter of the focuser unit, holding it in place. The 
top section of the ring is cut away, to avoid interference with the actuator mechanism of 
the focuser. The remaining part is just more than half of the ring, so it still clamps the 
focuser unit, though with reduced stiffness. 

' · ,suspension holder 

Figure fï.18: The suspension bolder is fixed to the primary mirror 
suspension by five bolts, inserted from the mirror side 

The bottom of the suspension holder is made rectangular to accommodate the connection 
with the rest of the primary support frame, as will be discussed later. The suspension 
holder is fixed to the primary mirror suspension by means of five M4x60 bolts, which are 
inserted from the mirror side through the suspension and into the suspension holder. This 
is depicted in figure t7 . l 8. 

The suspension holder has an axial 
thickness of 30.0 mm, with the back 
surface is aligned to the focuser unit. 
Similarly, another ring shaped component, 
called the tube holder, is fixed to the 
dovetail plate to form the bottom of the 
primary support frame (see figure t7 .19). 
The tube holder has an integral 
reinforcement tube, which has an inner 
diameter corresponding with the outer 
diameter of the frame tube. Hence, the 
frame tube can be glued to the inside 
surface. The tube holder is placed directly 
underneath the suspension holder, and it 
has a thickness of 30.0 mm also. 
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Figure fï.19: The tube bolder is located at the 
bottom of the primary support frame. It has a 
reinforcement tube to fit over the frame tube 



The suspension bolder and the tube bolder are 
connected by two identical frame plates on the front 
and back surface. The plates have a thickness of 3.0 
mm and contain holes in the top and bottom section, 
which correspond with the holes in the suspension 
bolder and the tube bolder. The placement of the 
plates is determined by the holes fitting over the 
provided rims on their joining components, as 
indicated in figure f7 .20. 

frame lnsert 

X 

Similar to the suspension bolder, the top of the 
frame plates is cut off because of the focuser unit. 
Furthermore, since the front frame plate is located 
between the suspension bolder and the mirror 
suspension, it contains five 4.0 mm holes aligned 
with the bolts indicated in figure f7 .18. The frame 
plates are glued to the front and back surfaces of the 
suspension bolder and the tube bolder to form a 
rigid structure. This implies stiffness can be 
provided in x-, y-, <p- and 0-direction. A rectangular 
insert is glued in between the frame plates where 
the width transition of the plates occurs, as 
indicated in figure f7 .20. The purpose of the frame 
insert is to provide extra stiffness to the primary 

Figure r, .20: The frame plates are 
located at the front and back of the 
suspension bolder and tube bolder 

support frame. This will be explained in more detail later. 
The tube bolder is rigidly fixed to the dovetail plate (e.g. 
with a set of bolts from underneath), aligning the 
reinforcement ring and the backside of the dovetail plate. 
The front of the primary support frame involves a frame 
ring, which is rigidly fixed to and aligned with the front of 
the dovetail plate (see figure fl.21). While the tube bolder 
provides a bonding surf ace for the frame tube, the frame 
ring is used simply to support the frame tube on a longer 
basis, adding extra stiffness in <p or 1/f for the frame tube. 
Furthermore, the frame ring is used to provide a connection 
for the primary support frame's cover plating, which is 
explained next. 

So far, all the discussed components in the support frame 
are assumed to be made of aluminum. The dovetail plate is 
recommended to be made of steel. The connection of the 
dovetail plate to the telescope mount is a non-uniformly 
divided clamp, which infers that high contact forces occur. 
Aluminum is not suitable for this purpose. 

~ 
X z 

Figure f7.21: The frame ring 
is fixed to the front of the 

dovetail plate 
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The primary support frame has now been designed to hold the frame tube fixed in all six 
degrees of freedom to the dovetail plate and the telescope mount, while the primary 
mirror unit is supported in x-, y-, rp- and 0-direction. The primary mirror unit is still able 
to move in z-direction. This situation is sketched in figure t7.22. 

To support the primary 
mirror unit in z-direction, a 
possibility would be to use 
side-plates connecting the 
suspension holder with the 
base of the telescope. 
Providing more stiffness in lf/ 
can be realized by making 
the primary support frame a 
closed-box structure. 
Both of these solutions can 
be combined by designing a 
hollow casing for the 
primary support frame, 
which fixes the suspension 
holder to the dovetail plate. 

Figure t7.22: The internal components of the primary support 
frame rigidly fix the frame tube to the telescope mount, white 

the primary mirror unit is still able to move in z and 'l' 

The casing can be made in one piece, or consist of multiple joined plates. In both cases, 
the suggested material is CFRE. CFRE has the advantage of being both light-weight and 
stiff, and it can easily be molded into a hollow shape. By orientating the carbon fibers to 
specifically provide the required stiffness, the casing can even acquire better stiffness 
properties than when steel is used, for the same weight. Also, the use of CFRE for the 
casing creates a "look" corresponding with the rest of the structural frame, for as far as 
this is a significant detail. 

Regarding these aspects, the following design for the casing 
has been made. This will be discussed in separate parts, 
clarifying the function of each part and enabling the 
manufacturer to produce the casing as an assembled product, 
or as a single piece. 

Starting off, the casing consists of two plates to the sides of 
the primary support frame, oriented in the y-z plane. Since 
these plates are identically mirrored, it is sufficient to discuss 
only one of them. All plates have a thickness of 2.0 mm. 

The side plate is cut and bent such that it is shaped around the 
primary mirror unit and follows the contours of the frame 
plates, indicated in figure t7.23. The bottom of the side plate 
has a length of 200.0 mm, equal to the length of the dovetail 
plate to which it is bonded. The top of the side plate has a 
narrowed section with a top width of 30.0 mm. The plate is 
bonded to the internal structure on the highlighted areas 
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Figure t7.23: The side plate 
is bonded to the internal 

structure on the highlighted 
areas 



marked in figure t7.23, to enhance the stiffness provided. Note how the side plate is 
bonded half-way to the frame ring at the front of the support frame. Tuis is done because 
the plate is meant to be kept as straight as possible, to guarantee stiffness. Though the 
plate is still bent in some places, the bonded areas divide the plate into straight sections. 
Hence the importance of the frame insert, also shown in figure t7 .20. 

The back and front edges of the side plate are slightly curved. Tuis does not contribute to 
any stiffness, but is merely done for aesthetic reasons. The back edge should have straight 
sections near the top and bottom of the support frame. Tuis is explained next, when the 
back plate is considered in detail. The primary support frame with the two side plates can 
already be seen as a structure fixating the primary mirror unit in all six degrees of 
freedom relative to the telescope mount. The side plates act as a z-support for the primary 
mirror unit, while closing the volume between the frame plates so that the structure 
becomes stiff in '11· Given the large base of the side plates and the corresponding triangle 
formed with the primary mirror unit (see figure t7 .17), the z-stiffness is optimized. Yet 
the 'lf-Stiffness provided is still inadequate, given the available volume. Therefore, two 
plates are added to the front and back of the primary support frame. Conceming '11-
rotation of the primary mirror unit, the support frame's section area in the z-x plane is the 
deterrnining factor. Hence, the plates should be spread out to create a section area as large 
as possible within the available volume. On the front side, the volume available for the 
primary support frame is limited by the presence of the primary mirror unit and the frame 
tube. The suggested front plate has to be shaped around these obstacles, to close off the 
front (see figure t7.24). 

Figure r7.24: Design and placement of the front and back plate. 
The highlighted areas indicate where the plates are glued to neighboring components 

The back plate is not physically limited by any components. Yet for packaging reasons, 
the back plate must be aligned with the back edge of the dovetail plate. Furthermore, the 
top of the back plate must be shaped to avoid interference with the telescope objective, 
which is connected to the back of the focuser unit shaft. Since the focuser unit shaft 
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moves along the optica) axis, the objective is taken along. Accordingly, the back plate 
cannot extend further than the stationary part of the focuser unit. This is depicted in 
figure fl.24. Furthermore, the possible presence of a seeker/follower unit inside the frame 
tube requires the back plate to have a hole in it, aligned with the frame tube. Figure fl.24 
shows two exploded views of the primary support frame, to indicate the shapes and 
positioning of the front and back plate. The highlighted areas mark the surfaces where the 
plates are bonded to adjacent components. The plates are bonded along their outline, fully 
closing the assembled casing. 

§7.4 Focuser Stop 
Next, the fixation of the focuser unit in the primary support frame is discussed. Chapter 3 
has determined the focuser unit to be placed directly against the three-armed frame in the 
primary mirror suspension. While the suspension holder radially clamps the focuser unit, 
another component is designed to provide axial support. This component is referred to as 
the focuser stop. 

The focuser stop is basically a stepped 
ring, which is bolted against the back of 
the primary support frame through two 
holes placed aside of the focuser unit (see 
figure fl.25). A rubber ring is fitted in 
between, so that upon compression, a 
pre-load force is delivered to the focuser 
unit. The position of the focuser unit is 
fixed relative to the primary mirror unit 
in all degrees of freedom, except for 0. 
Yet, a rotation of the focuser unit around 
the optica! axis does not influence the 
image quality, and therefore the 
tangential friction force imposed by 
axially pre-loading the focuser unit is 

Figure tï.25: The focuser stop is bolted against the 
back of the primary support frame, while the 
rubber ring is compressed and delivers a pre

loading force on the focuser unit 

assumed to be adequate to hold the focuser unit relatively stationary in 0. 

In conclusion, a structural frame has been designed for the telescope, holding the optica) 
components in place. The accuracy with which the optica) components held in position is 
largely dependent on the dynamica! behavior of the structural frame. Therefore, all 
components in the frame have been analyzed in terms of eigenfrequency, to make a 
statement about their stiffness-to-mass ratio. The primary support frame is designed to 
forma connection between the primary mirror unit and the telescope mount that is as 
rigid as possible given the available volume. A similar approach has been held for the 
design of the secondary support. 

The frame tube is designed to provide adequate stiffness for statie (or quasi-statie) 
behavior of the system. Upon dynamic loading this is the component showing the first 
eigenmode (due to the variant of the "palm tree" effect). Though optimized, the 
frequency belonging to this eigenmode is the lowest eigenfrequency of the complete 
telescope system, setting the bandwidth for the mechanica) performance. 
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Figure t7.26 shows a section view of the structural frame, together with the primary and 
secondary mirror unit. 

_______ optlcalaxls ____________ _ 

Figure r7.26: Section view of the structural frame, primary mirror unit and secondary mirror unit 

The components of the structural frame are mainly made of CFRE, with a number of 
components in the primary mirror frame made of aluminum and steel. Tuis results in an 
estimated frame mass as listed in table t7 .2 

Table t7.2: Frame mass estimation 

Primary Support Frame 
Secondary Support Frame 
Frame Tube 

Dovetail Plate* 

Total 

Mass [kg] 
1.4 
0.2 
0.5 

1.5 

3.6 
*solid steel 
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Chapter 8: Frame Connector 

The structural frame can be disassembled into several modules by design. These modules 
are the primary and secondary support frame, and the frame tube. The connection 
between the modules and the tube is referred to as a frame connector. To enhance 
packaging, the frame connector has a universa} design for each different module. Apart 
from this, there are several other demands for the frame connector design. 

Accuracy 

Reproducibility 

Rigidity 

Controllability 
Durability 

Stability 

Easy to use 

Clearance 

Upon assembly, a connector needs to position the module within 
certain tolerance limits 
When assembled, the system components should not need 
recalibration 
A connector needs to provide adequate stiffness to maintain system 
dynamic performance 
The connection must be free of play 
A connector must be able to be used numerous times before losing 
performance or needing maintenance 
The relative position of the modules imposed by a connector has to 
stay constant at least for the duration of use 
Fastening/unfastening a connector must be done easily and quickly 
by a non-technical user 
A connector must not obstruct the center hole in the main tube, 
thereby blocking the possibility for a seeker/follower system 

The accuracy requirements for the connectors can be obtained from the tolerance limits 
for the secondary mirror position specified in chapter 4, table t4.1. 

Several basic connector design options include a simple threaded joint, clamped fitting, 
or a conical contact hearing. However, the criteria concerning positioning and accuracy 
implicate the design must be based on a kinematic mount. The kinematic mount is 
statically determined, eliminating internal forces e.g. caused by thermal expansion or 
initia} misalignment. Also, in a kinematic mount it is possible to individually tune all six 
degrees of freedom to calibrate the position and orientation of the assembled subsystems. 
Hereby, a large number of design criteria can be fulfilled. 

The following design is based on a male-female connector principle, with insertion along 
the frame tube centerline. Consequently, the connector consists of two parts, either of 
which is rigidly fixed to one of the opposing modules. The two parts are interconnected 
by means of a union nut. The main tube is circular, calling for an axisymmetrical design, 
with material concentrated along the edge of the tube as much as possible, leaving the 
tube center unobstructed. 

The next pages will discuss the design of the connector parts, starting with the male and 
female halves and their connection to the adjacent telescope subsystems. Secondly, an 
elastic centering mechanism between the connector halves is proposed and discussed. A 
union nut is introduced to deliver the axial force required to close the connector. Finally, 
the 0-position loek of the connector is discussed. 
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As depicted in figure f8 . l, the 
male and female part share a 
common contact surface 
through which forces are 
directed from the frame tube to 
the module. Force lines remain 
straight; therefore the 
components are loaded only in 
axial direction . The contact 
surface determines the relative 
position in <p, 1/f and z between 
the male and female connector 
part. The stiffness in these 
directions can be calculated in 
terms of axial stiffness c

2
, 

defined as 

C 

Subsystem -
Male 

L 
X 

Figure f8.1: Outline of the connector design principle. A 
male and a female part are bonded to a module and frame 
tube respectively. Once connected, the force lines (dashed) 

through the components remain straight 

(8 .01) 

Where E is the Young' s module of the material used, A,. is the area of the contact surface 

and L, is the axial length of the loaded component. For stiffness in <p and 1/f, this term is 

multiplied by an extra term proportional to R/ , the di stance between the force lines and 

the centerline of the main tube. Therefore, both the ratio ~ as well as the radius R, 
L, 

should be designed as large as possible. R, has already been defined by the main tube 

dimensions . Accordingly, the surface area A, must have a mean radius corresponding 

with R, , so (8 .01) remains val id. Since the main tube is made of CFRE, and the connector 

will consist of aluminum components, they share a common value for the Young's 
module. Consequently, in theory A, need not be larger than the surface area of the main 

tube to guarantee equivalent stiffness in <p, 1/f and z. 

The male and female part of the connector must be bonded to the corresponding modules 
as rigidly as possible. Considering the types of material to be bonded, an adhesive 
bonding is most suitable. This rules out play and provides an equally distributed force 
loading along the bonded surfaces. Also, the adhesive acts as an insulator between the 
carbon fiber components and the aluminum connector parts, which prevents corrosion 
and introduces a slight amount of damping. A double lap joint is most appropriate 
because of the axi symmetrical design of the joint, the available surrounding space and the 
ease of manufacturing. 
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An extra set of sleeves must be added to the 
connector design to establish the double lap 
joint. The sleeve is attached to the male and 
female connector part by a threaded joint 
located on the outside, as depicted in figure 
f8.2. The sleeve bas to be fastened after the 
inner part of the connector bas been bonded 
to the frame tube. Worm holes in the bonded 
parts make it easier to equally distribute the 
adhesive along the surfaces. 

The axisymmetrical nature of the double lap 
joint prevents the bonded parts from 
"peeling", since both layers of adhesive are 
only affected by shear stress. The conical 
shape of the aluminum substrates causes a 
fluent stress gradient throughout the material, 
avoiding peak stresses. 

Figure f8.2: An extra sleeve is added to the 
connector design to form a double lap joint 
with the main tube. The sleeve is fastened to 

the connector by a threaded joint 

A joint bas been designed according to the geometrie parameters listed in table t8.2. lts 
strength can be defined as 

Where t'max is the shear strength, Ais the 

bonded surface area and L is the bonded surf ace 
axial length. Material properties of epoxy 
adhesive are listed in Appendix Ax 1. When the 
joint is axially loaded and all forces result in 
shear stress in the adhesive. For an adhesive 
film thickness equal to t = 0.10 mm, the 
stiffness of the bonding can be calculated as 

1 

GA 9 
Cbonding =-= 65.6 · 10 

l . [ 
N/m 

Tuis result is compared to the axial stiffness of 
the main tube, given as 

1 

EA 9 
c,ube z = L = 3.57 · 10 N/m 

Table t8.2: Joint geometry .. 

L 

__........, .!!'•In tube s,an"rllna _•L 
X 

50.0 mm 
47.5 mm 
15.0 mm 
0.10 mm 

(8.02) 

The axial stiffness of the adhesive bonding is higher; however the previous analysis is 
based on shear stress only. In practice, this value will be significantly lower. Yet, the 
axial stiffness of the entire connection is limited to the value belonging to the main tube. 
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With the connector parts rigidly fixed to their subsystems and supporting each other in <p, 
1/f and z, the x- and y-components supported by the connector need to be discussed. Si nee 
the connection needs to be reproducible and thermally stable, a self-centering mechanism 
has been designed. The mechanism aligns the centerline of the male part with the 
centerline of the female part, thus supporting the connected modules in x and y. The 
axisymmetrical geometry of the connector allows simplifying the design principle by 
discussing it in polar coordinates. 

§8.1 Centering Mechanism 
The centering mechanism involves a rubber ring placed in the cavity created when the 
male and female part of the connector are joined together. The ring's outer radius is 
chosen to fit tightly within the female part, while the ring's inner radius initially has a 
small amount of play compared to the male part. The axial length of the ring is over
dimensioned so that in initia) state, the ring sticks out of the female part by 0.5 mm (see 
detail A in figure f8.3). When the male and female parts are pressed together, the ring 
undergoes an elastic deformation, reducing the axial length while expanding the ring 
inwards. The incompressibility property of rubber states that the ring's corresponding 
radial stiffness component follows from the local radial stiffness components of the male 
and female part. Therefore, the male part is designed to have a relatively thin inner sleeve 
where the ring is located, so this is where most of the deformation occurs. 

As long as the height of the ring is constant, the 
radial ring deformation is uniform over the entire 
perimeter. This implicates that a uniformly 
distributed force is working on the male part, with 
vector pointing inwards. Thus the male part is forced 
to be centered relative to the female part. The 
deformation of the sleeve eliminates any play by 
functioning as a pre-load spring. The radial 
deformation of the ring has been analyzed for the 
geometry depicted in figure f8.5, to give an 
indication for the centering stiffness. The sleeve has 
a length of 4.5 mm and a thickness of 1.0 mm. 

Appendix Ax7 contains the FEM results of a statie 
loading test on the male part. Hereby, the following 
assumption can be made about the radial stiffness, 

c" 

c, = t A = 165 · 106 N/m 

Where apis the applied pressure, ar is the resulting 

deformation, and A is the area to which the pressure 
is applied. The radial deformation takes place when 
an axial displacement is imposed between the male 
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Figure f8.3: The centering 
mechanism axially loads a rubber 

ring, resulting in a radial 
compression inwards 



and female part. Moreover, incompressibility implies the axial stiffness of the rubber ring 
to be related to the previously calculated radial stiffness. Thereby, the following ratio can 
be determined. 

In which hu is the initial height, M the change in height after 

compression and 8.r the resulting radial expansion (figure f8.4). 
The outer and inner ring radius, are denoted by 'i and r2 

respectively. The ring height is indicated by h. 

Since the ratio between M and 8.r is non-linear, pre-loading of 
the center mechanism will also be of a non-linear fashion. 
Furthermore, the pre-load force depends on the initial radius and 
height, r2 and hu respectively. The outer radius is set equal to 

1i =50 mm Figure f8.4: Ring 
dimension parameters 

Figure f8.5 shows the relation between the displacement M and 8.r for different initial 
parameter values, by means of a graph. 
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Figure f8.5: Graphical relationship between Ah and Ar, for different initial parameters 

For increased initia} thickness the average gradient of the curves decreases, while for 
increased initial height, the gradient increases as well. The relation between the axial 
stiffness cz and radial stiffness c, of the center ring can be formulated as 

(8.03) 

Where i is defined as the ratio between ö.h and 8.r. 
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The displacement graphs in figure f8 .5 can therefore be converted to stiffness graphs, as 
shown in figure f8 .6. 

700 • 
-- t0 = 2.5mm 

400 1· 1 -
-- h0= 7.0 mm 1 

- 1 - '1 

600 · -- IO = 3.5 mm 1
1 l -- l0 = 4.5mm 

1 
I -- h0 = 6.0 mm .. 

T . 
--h0 = 5.0 mm I I 

500 · 

E 400 

z 1 

~ 
N 300 •-
U 1 

200 -. 

100 ~ -

oL 
0 

' 0.5 1.5 
dhlmm] 

Varying the initial thickness, 
for constant height hO = 5.0 mm 

.1 
2. 5 

5oi 
0 

l 

0.5 1.5 
dh[mm] 

Varying the initial height, 
for constant thickness tO = 4.5 mm 

Figure f8.6: Axial stiffness graphs calculated from the radial stiffness c, 
and the displacement ratio/, as a function of the compression Ah 

2.5 

The stiffness graphs indicate that the axial stiffness decreases during compression of the 
ring. Thi s can be explained by considering the ring 's dimensions, in particular the height 
to thickness ratio . When the area ratio between the top surface and the inside surface is 
equal to 1, then the stiffness will be constant. Hence the ring dimensions can be chosen 
such that the stiffness remains relatively constant. 

(8.04) 

(8.05) 

Where A /()p is the top surface area and A;,,side is the inside surface area, using the 
dimension parameters as depicted in figure f8.4. Given 'î = r2 + t , equation (8.05) can be 

rewritten to a quadratic solution for t 

(8 .06) 

Filling in the initial values for r2 and ho 

r2 =45.5 mm and fzo =4.5 mm 

then equation (8.06) has only one positive solution, therefore t must be equal to 

t=4.3 mm 
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This leads to the following displacement and corresponding stiffness graph, displayed in 
figure f8.7. 
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Figure 18.7: Relative displacement and converted stiffness as a function of the compression Ah, 
for the resulting ring design 

1.4 

The resulting kinematic properties will provide the most constant axial stiffness during 
compression. However, the ring bas been designed such that upon closing the connector, 
there is a small amount of play. This play will have a value of 0.1 mm on the inside 
radius. Therefore, the axial stiffness will be equal to the stiffness provided by the rubber 
properties of the ring only for the first 0.1 mm of compression, as can be seen in the 
displacement graph in figure f8 .7. From then onwards, the sleeve will be in contact with 
the ring and the stiffness is increased to the values depicted in the stiffness graph. When 
assuming the intemal stiffness properties of the rubber can be neglected compared to the 
stiffness provided by the sleeve, then the axial pre-load stiffness of the connector will be 
approximatel y 

This means that if the compression is increased by another 0.1 mm, the axial preload 
force will be 

and the consequent centering preload force is estimated to be 
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§8.2 Union Nut 
A union nut is used to couple the male and female part 
of the connector, thereby axially compressing the 
rubber ring. As the union nut is tightened, the 
connector parts are joined at their contact surface, 
determining the position and providing stiffness in <p, 
1/f and z. Meanwhile, radial expansion of the rubber 
ring centers the connector parts with the determined 
pre-load force. The threaded end of the union nut 
binds with the male connector part, while the other 
end is joined to the reference edge closing the force 
loop. To prevent the reference edge from gradual wear 
e.g. by grinding of the contact surfaces, a ring is fitted . 
The ring consists of two components, a rubber ring to 
provide axial pre-load force for the union nut and a 
Kevlar film to protect the dragging surface. Moreover, 
the Kevlar reduces friction between the adjacent 
components. 

Figure f8.8 shows the actual design of the connector. 
Notice the constraining of the rubber ring by the 
surrounding components. The step and the chamfered 
edge on the male part mini mi ze the amount of play 
through which the rubber ring might expand. 

§8.3 9-lock 
Though 0-rotation of the connected 
subsystems is made impossible by the 
statie friction between the pre-loaded 
connector parts, the 0-position is still 
undetermined. Therefore, a last 
modification is made to the design . As 
depicted in figure f8.9 , a rectangular stud 
is fixed to the contact surface of the male 
connector part, which goes into an 
opposing pocket in the female part. The 
pocket provides a reference plane for the 
stud so the 0-rotation is blocked at a 
radius R from the main tube centerline. 

\ con biel surf.ice 

Figure f8.8: A union nut couples 
the male and female parts of the 
connector while simultaneously 

providing radial pre-load force on 
the rubber ring 

section A-A 

This implies that the rotation stiffness k0 

is given by 

Figure f8.9: The 0-rotation is blocked by a 
rectangular stud fixed to the male part of the 

connector 

(8.07) 
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Where F8 is the tangential force working on the stud. Introducing c" as the shear 

stiffness of the stud and x8 as the tangential displacement, F8 can be expressed as 

(8.08) 

with 

GA. EA. 
C =--=--.a........-

8 h. 2h. ( 1 + v) 
(8.09) 

Here, As is the shear surface are of the stud and hs is the height of the force applied on the 
stud relative to the stud base (see figure f8 .9). 

Combining (8.08) and (8.09) and substituting them into (8.07) yields 

k = EA.Rcz 
8 

2h. (1 +v) 
(8.10) 

Fora steel stud with dimensionsA. =5.0·10-5 m2,Rc =49.0 mm and h. =1.75 mm, the 

result for the 0-stiffness is equal to 

The previously described analysis is based on a situation where the stud and the 
rectangular pocket in the female connector part share a common reference plane 
determining the relative 0-position. To guarantee the desired positioning accuracy is 
within the required tolerance limits, the reference plane needs to be machined with high 
precision. This brings along high cost and long manufacturing times. To reduce these 
vices, a positioning mechanism is designed. 

Once the connector is closed and the rotation stud 
falls within the rectangular pocket in the female, 
there will be a certain amount of play present in 
the relative 0-position of the connector halves. 
Tuis play can be eliminated by adding a pre-load 
spring on one end of the stud, which pushes the 
stud against the reference plane in the pocket (see 
figure f8 . l 0). To tune the relative 0-position of the 
two connector halves, the stud is drilled 
tangentially and tapped for fine pitch M3. A bolt 
can be used to manipulate the gap distance 
between the stud and the rectangular pocket in the 
female connector part, thereby tuning the 0-position. 

reference 
plane 

pre-load 
spring 

Figure f8.10: A pre-load spring pushes 
the stud against the reference plane, 
white a bolt with fine pitch tunes the 

gap distance 
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The pitch of the 0-actuator can be determined by considering the tolerance limits for the 
x- and y-position of the secondary mirror unit, dx and dy. These need to be translated to a 

maximum allowable tangential displacement at the 0-position stud, see figure f8 . l l . 
Since the secondary mirror unit is located above the main tube, its x-position will change 
significantly more than its y-position, for small changes in 0. This suggests the 0-stud to 
be placed at the top of the main tube as wel!, to acquire the highest transmission ratio 
between the di splacements. 

From dx the maximum allowable 0-rotation can be calculated. 

0 . _, (axJ =sm -
max R 

e 
(8 .11) 

Where Re is the di stance between the centerlines of the 

secondary mirror unit and the frame tube. Consequently, the 
displacement resolution at the 0-position stud, s,,, , follows 

from equation (8.11) by 

Where R, is the main tube radius. 

Filling in the values for R, and Re yields 

".\ 49 -6 
s, . =ox-=7.3-10 m 

e., 215 

Figure f8.ll: Position of 
the secondary 

mirror unit relative to the 
main tube 

Assuming the 0-actuation bolt can be rotated with an accuracy of m = -1
- rad, the 

'"-' 36 
required pitch can be calculated. 

s 
Pe = .......!E_ = 0.26-10-3 m 

<»,.,, ,. 
(8.12) 

This can only be achieved by designing a differential nut configuration for the 0-actuator. 
A standard M3 bolt has a pitch of 0.5 mm, which provides a course step with large range, 
while a fine xy-manipulator located elsewhere can bring the secondary mirror unit within 
its tolerance limits. 
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In figure f8 .12, the design of the actual 0-
actuator is displayed. The pre-load force on 
the stud is provided by a bent leaf spring. The 
leaf spring is bonded to the front surf ace by 
an adhesive, and is folded around the sides of 
the stud. Thereby, it offers a smooth front 
surface to the stud, facilitating the entrance 
into the rectangular pocket. A hole is drilled 
in one end of the folded leaf spring, 
functioning as a clearance hole for operation 
of the actuator bolt. 

The design of the 0-actuator provides a 
solution for connecting the telescope 
subsystems. Once the 0-actuator is calibrated 
the bolt is secured, e.g. with loc-tite. Since an 
axial motion is required from the user to 
operate the connector, and the 0-actuator is 
orientated tangentially, using the connector 

Figure f8.12: Top view of the 8-actuator. A 
leaf spring is fixed to the front of the stud 

and folded around the sides to prove stiffness 
as well as a smooth front surface. 

will invoke very little wear on the 0-positioning mechanism. To eliminate play, the initial 
shape of the leaf spring is somewhat oversized for the pocket, resulting in a "snap" when 
connecting the components. The top of the 0-positioning stud is curved to be aligned with 
the outside radius of the connector halves. 

This concludes the connector design. A complete assembly of the component is depicted 
in figure f8.13. 

The mass is approximately 

m connector "" 0.15 kg 

Figure f8.13: Exploded view of the frame connecto~ 
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Chapter 9: Ventilation Unit 

This chapter will deal with the possible aberrations in the optica! system caused by 
seeing, and how their effects on performance can be diminished. Seeing is a phenomenon 
well-known by amateur astronomers for its limiting influence on observation quality. 
Any wavefront of light coming from a celestial object is affected by seeing from the 
moment of entering the Earth's atmosphere until it reaches an optica! receiver. 
Meanwhile, differences in temperature and density of the air in atmosphere cause the 
wavefront to change due to refraction. This produces a blurred image. However, there are 
a number of ways to reduce this. 

Since for given atmospheric conditions, the seeing effect is proportional to the optica! 
path length, the astronomer could consider using the telescope at high altitudes. Some 
astronomers like to travel to geographically beneficia! locations, such as La Palma or 
Mauna Kea. These places are situated on a considerable altitude, but more importantly 
the prevailing winds have crossed many kilometers of ocean, causing them to be fairly 
laminar and constant in temperature. An invariable topography, such as in large open 
fields or mountain plains, is also preferable to astronomers, as they radiate the heat stored 
during the day more slowly and equally when compared to e.g. urban areas. Tuis is 
depicted in figure f9. l. 

Figure f9.1: The seeing effect is less present at high altitudes or at locations where the air flow is 
laminar. Downwind mountain slopes and urban areas are known to invoke turbulent air flows. 

Astronomers highly appreciate diminished influence of seeing during their observations, 
as it is the most limiting factor in imaging quality, even more so than system 
performance. The seeing effect is the reason amateur astronomers in the Netherlands are 
able to make high quality observations no more than ten days a year. Therefore they are 
willing to go to great extents to avoid seeing [7] [8]. 

Since the telescope design proposed in this report is meant for the amateur market, it is 
vital to keep the overall cost of the telescope low. Meanwhile, the ability of using post
processing instruments to the image or choosing a desirable viewing location should 
remain. The latter is achieved by a light-weight and decomposable telescope design, 
which improves portability. The former can be done by offering the highest possible 
optica! performance under any given atmospheric circumstance. 
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All telescope systems contain the essential optica) components, such as the primary and 
secondary mirror, baffles and perhaps the required correction lenses. These components 
are positioned and held in place by a support structure. In traditional systems (figure 
f9.2), this structure is a tube, which extends from the primary mirror to the secondary 
mirror unit, containing all optica! elements within. Usually, the tube is closed off with a 
lid behind the primary mirror [3]. A centra! hole in the lid allows the image to be viewed 
from outside the tube, by an objective. In some cases, the system is equipped with a full 
aperture corrector, consequently closing off the front end of the tube as wel 1. In some 
cases, this is considered to be an advantage because all system components are thereby 
protected by a closed structure, reducing the hazard of damaging or contaminating any 
vita! parts. 

A closed telescope has some down-sides as well. 
Apart from the system becoming heavy and bulky, the 
tube contains a closed volume of air for the optica! 
components to operate in. As soon as a wavefront 
enters the telescope through the aperture, it is 
influenced by the properties of the air inside the 
system. When the Jatter is not properly matched to the 
air in the atmosphere, it will result in an increased 
seeing effect on the wavefront. For this reason, 
astronomers let their telescopes adjust to the outside 
temperature for at least a couple of hours before using 
them [8]. 

aperture 

secondary 
unit 

correction 
lens 

Figure f9.2: Traditional design of a 
Cassegrain telescope 

The air inside the system is also subject to pressure differences, induced by gravity and 
heat flux through the walls of the tube. As a result, turbulent currents of air are created, 
again causing seeing. This phenomenon is known as the boiling effect. Moreover, if the 
tube is completely air-tight, the pressure differences will induce forces on the system 
components and their positioning structure, yet this effect will not be discussed in this 
report. There are several ways to avoid the boiling effect. One of them is to create a 
vacuum inside the tube. Since this will be a delicate and expensive measure, creating a 
vacuum is not a desirable feature for an amateur telescope. Another option would be to 
regulate the tube's atmosphere, which would require heating and cooling devices and 
temperature sensors, as well as thermal insulation of the internal atmosphere. This would 
involve a control unit, resulting in cost and maintenance. A more practical solution would 
be to simply discard the idea of a closed tube, and let the system operate under normal 
atmospheric circumstances. 

Yet, the tube did provide a supporting structure as well as protection for the optica! 
components. When creating an open instead of a closed structure, these features should 
best be preserved. On the other hand, this offers a possibility to redesign the whole 
telescope less heavy and bulky. These considerations have been discussed in the previous 
chapters of this report. For now, the optica) aberrations caused by seeing will be 
considered in more detail, regarding the proposition of discarding the tube. 
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A telescope design in which all optical components are held in place by a structure 
allowing air to flow in and out of the system from any direction, without forming an 
obstruction or resistance, is known as an open telescope. 

In an open telescope, atmospheric conditions are valid throughout the entire optical 
system. On macroscopie level the density and temperature, as well as air composition and 
any currents of air flow are uniformly distributed and equal with respect to the 
surrounding atmosphere. For instance when the telescope is placed outside, wind is 
allowed to blow through the system, hence continuously replacing the air in the system 
by "fresh" air from the atmosphere. Any temperature differences between the telescope's 
optical or structural components and the surrounding air will be balanced out by the 
cooling or heating effect of the passing air flow. Also, heat flux is possible in any 
direction, since there are no insulating or resistive components, i.e. all components are in 
direct contact with the environment. Therefore, the time required fora single component 
to become thermally balanced with the environment is greatly reduced compared toa 
closed telescope system. This is also noticeable when viewing under changing 
environmental circumstances, e.g. cooling of the Earth during night-time; the open
structured telescope will follow the changes more rapidly. 

Nowadays, many professional telescopes are open structure (see figure f9.3). This 
includes large scientific purpose telescopes as well, such as the Dutch Open Telescope 
(DOT). Moreover, these are often located in areas where windy conditions of e.g. 5 mis 
are common. If the wind is not too strong, a low velocity air flow will move through the 
system, thermally balancing the optica} components and the surrounding atmosphere, 
thus reducing seeing aberrations. 

GREGOR 1.5m Open Telescope Dutch Open Telescope Gladius CF300mm 
(amateur) 

Figure f9.3: Various open telescopes 

The same principle is used for the telescope system discussed in this report. If an open 
system is used in windy conditions, at preferable air velocities of around 2.0 mis, then 
seeing is greatly reduced. 

At microscopie scale, thermal boundary layers on the mirror surf aces cause local seeing. 
This effect is comparable with asphalt on a hot day. The asphalt has a temperature higher 
than the surrounding air, causing convection from the hot asphalt to the cooler air. The 
result is a thermal boundary layer, causing seeing. 
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Any objects inside or behind the heated air 
will appear blurred and unsteady, as seen in 
figure f9.4. This effect is commonly referred 
to as a "mirage". The same holds for the 
telescope system, although boundary layers 
above the optica! components are much 
smaller. 

Thermal boundary layers can be avoided by 
reducing heat transfer, hence cooling the 
optica] components before use. Natura] 
convection is a relatively slow process; 
therefore amore practical solution wil! be to 

Figure f9.4: Thermal boundary layer over a 
hotroad 

introduce forced convection cooling, i.e. blowing air over the mirror surfaces. This 
principle has been elaborated by means of a thermodynamic analysis based on [9], whose 
process and results are given in Appendix Ax8. 

In an open telescope, wind flowing through the system has a large contribution to forced 
convection cool ing. If wind speeds are close to zero, thermal boundary layers on the 
optica! components wil! again only be dependent on the much slower natura! convection. 
On the other hand, if wind speeds are too high then the system might cool down too fast, 
resulting in undesirable thermal deformations in the optica! components. Also, strong 
winds wil! induce dynamic behavior of the telescope system's mechanica! structure. 
Therefore, an open telescope system can only be used in a certain range of wind speeds. 
A partial solution for this would be to design a ventilation unit for the system, to improve 
the optica! performance at low wind speeds. Since the primary mirror has the largest 
optica! surface -thereby the biggest influence on system performance- this will be the 
optica! component where cooling is most efficient. 

§9.1 Primary Mirror Ventilation 
The ventilation unit will consist of a fan and a flow guidance system, forcing air over the 
primary mirror surface. The input of the ventilation unit will take air from the 
surrounding atmosphere. The forced airflow wil! prevent moisture or any kind of 
particles contaminating the mirror's optica! surface. The ventilation unit will be designed 
as an add-on component for the telescope system to be used whenever the telescope is 
operating under wind-still conditions. In case the weather conditions already are 
adequately beneficia! for the system performance, the ventilation unit can be detached 
from the telescope to reduce weight and power consumption. 

The results from the forced convection analysis in Appendix Ax8 wil! be used as a 
guideline for the design requirements of the ventilation unit. These consist of the assumed 
boundary conditions, such as laminar and equally distributed flow, and averaged 
convection coefficients. The ventilation unit is further limited to the primary mirror 
geometry and the available design volume, i.e. the volume not taken in by other system 
components. Finally, the ventilation unit needs to provide a controllable airflow over the 
primary mirror surface with a maximum velocity equal to V max = 2.0 m/s. 
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To simplify the design analysis, the mirror surface is 
assumed to be perfectly flat and physical obstructions in 
the airflow (e.g. primary baffle), as well as edge effects, 
are neglected. This situation is used to find the most 
suitable fan for the ventilation unit. Hence, if the fan can 
provide airflow resembling the desired flow as sketched 
in figure f'9.5, the design of the flow guidance system 
will be much less demanding. The purpose of the flow 
guidance system is merely to convert the fan output flow 
to the required laminar airflow. 

For this reason, a cross-flow fan is most suitable. Cross
flow fans are a type of centrifugal fan in which the air 
flows through the fan, rather than through an inlet. A 
cross-flow fan consists of a hollow rotor, made of fan 
blades orientated radially along the axis of rotation, 

air flow 

Figure f9.5: Laminar air flow 
over the full diameter of the 

primary mirror surface. 
Obstructions and edge effects 

are not included 

forcing air outwards. The rotor is partially covered to create a pressure differential. lt has 
a smaller opening on one side, and a larger opening on the other side. The resulting 
pressure differential forces air to move through the fan, as depicted in figure f'9 .6. Cross
flow fans deliver a laminar flow over the entire width of the fan, with an outlet pressure 
only slightly above atmospheric [10] [11] [12]. 

1 

~ sectlon A-A 

Figure f9.6 Cross-flow fan configuration 

A cross-flow fan with a rotor width of 300 mm placed aside of the primary mirror could 
provide a laminar airflow over the entire mirror surf ace, even without a flow guidance. 
However, this would make the unit very bulky. 

Another solution is to use a smaller cross-flow fan which can be placed behind the 
primary mirror, and a flow guidance system to deliver the air to the mirror surface in a 
laminar and uniform fashion. The guidance system is best kept simple and straight, to 
avoid pressure losses and to prevent the flow from becoming turbulent. Hereby, 
positioning of the fan relative to the mirror edge is crucial for the design of the flow 
guidance system. 
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Figure f9.7 depicts the primary mirror surface as a 
reference plane, which has an outer radius of !

dlrectlon 
of flow 

mlrror 
reference plane / 

R0 = 300 mm. A cross-flow fan with a variable half

width w/2, is positioned at a distance htim from the 
mirror center. The edge of the reference plane, as well 
as the cross-flow fan, is divided into 20 sections, 
oriented parallel to the desired direction of airflow 
over the mirror surface. Each section on the fan is 
connected to the corresponding section on the mirror 
edge by means of a straight line, denoted by s,-. The 
length of each line s; is referred to as L,-. Figure f9.7: Fan placement 

The placement height h1à" combined with the fan half-width w/2, determine the length of 
each section line s,-. Since the pressure loss in the flow guidance system is dependent on 
the flow distance from the fan to the mirror edge, the lengths L,- of each section line 
should be equal. Hence, that would imply the pressure loss in each section to be equal, 
thus the flow over the mirror surface to be uniformly distributed. Yet, the fan provides a 
straight flow distribution and the mirror edge is circular, so the lengths L,- of the section 
lines can never be equal unless both htàn and w/2 are equal to zero. For any other value of 
these parameters, there will exist a maximum difference in length between the section 
lines. This difference LJL is defined as 

(9.01) 

When determining the placement of the fan, LJL should be kept as small as possible so the 
pressure loss at the end of each section is as equal as possible. Fora given fan half-width 
w/2, there exists an optima) placement height hran with a minimal LJL. 

' ' ,~ --------------------~---------------------¼----------------
,~ ____________________ J ________ _ ____________ ! __________ ---

,..., ' ' 
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hfan [mm] 

Figure f9.8: Section length variation AL as a function of fan placement height hfan, for different fan 
half-widths w/2 

The graph in figure f9.8 further indicates smaller fan widths generally produce a smaller 
difference in section length, LJL. This corresponds with the earlier found conclusion, that 
a fan half-width equal to zero yields M = 0. Therefore, for a flow guidance system that 
is as simple as possible, yet able to create a laminar and uniform flow over the primary 
mirror, the cross-flow fan should be chosen as small as possible. 
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The required flow characteristics of the cross-flow fan in the ventilation unit, are 
determined by the maximum air velocity Vmax = 2.0 mis. Given a flow outlet area of 

Aflow = Db = 1.5 · 10-3 m2 (9.02) 

where D is the primary mirror diameter and b is the thickness of the flowing volume of 
air, equal to b = 5 mm. Consequently, the air flow is equal to 

Air Flow= Afl
0
wVmax = 3.0· 10-3 m

3 

= 180 ~ 
s mm 

Given the product details for cross-flow fans from OLC 
Ine., as specified in Appendix AxlO, a mini cross-flow 
fan with a rotor width of 25.4 mm would suffice. Yet, 
the ideal placement height for such a small fan would be 
at around 12 mm above the mirror center, as prescribed 
by the graph in figure f8 . l 8. Due to the presence of 
other components this is physically impossible. The fan 
should be placed bebind the primary mirror suspension, 
just above the focuser unit. At a placement height of 50 
mm, there is enough cleared volume for the cross-flow 
fan. This is sketched in figure f9.9. The corresponding 
optimal fan rotor width is then equal to about 80 mm. 

In Appendix Ax 1, the fan with characteristics closest to 
this value is model CFR3B 12H, which bas a rotor width 
of 76.2 mm, and a maximum air flow rate equal to 250 
Umin. The fan runs on a 12V Brushless DC-motor, 
whose motor speed can be adjusted by controlling the 
input voltage, up to 5500 RPM. Overall fan dimensions 
are listed in Appendix Ax9.2. 

As a result of the fan placement, the flow guidance 
system must not only force the airflow in radial 
direction, but in axial direction as well. To keep all 
section lengths equal, the airflow should make two 90 
degree bends, as seen in figure f9.9. 

The ventilation unit basically consists of a hollow 
casing, in which several sectioning plates have been 
implemented to define the radial and axial flow guidance. 

(9.03) 

48 

Figure f9.9: The available volume 
for fan placement is located 
bebind the primary mirror 

suspension and above the focuser 
unit 

85 



The mirror casing is a 2.0 mm cup 
made of CFRE and fixed to the si des 
of the primary support frame by 
means of a set of bolts, and serves as 
a protection casing for the primary 
mirror unit, see figure f9.10. Holes 
and pockets have been made to 
avoid contact with e.g. the focuser 
unit. Furthermore, the bottom of the 
mirror casing contains a ventilation 
grating, which allows fresh air to get 
inside the closed compartment once 
the ventilation unit is fully 
assembled. The mirror casing can be 
left attached to the primary support 
frame at all times, preventing 
damage to any vita! parts in the 
primary mirror suspension. 
A cover plate is introduced, slightly 
bigger than the mirror casing, 
creating a hollow structure. The 
cross-flow fan and sectioning plates 
are then placed inside the cavity, to 
create and direct the airflow. The 
2.0 mm cover plate is also made of 
CFRE and contains the cross-flow 
fan and the sectioning plates. 
Together they are referred to as the 
actual ventilation unit, see figure 
f9. l 1. The section plates are designed 
according to the principles depicted 
in figures f9.7 and f9.9. 

Since the outer edges of the 
ventilation unit are bent, it can simply 
be slid over the mirror casing. The 
ventilation unit then rests on top of 
the mirror casing, as seen in figure 
f9.12. 

Figure f9.10: Mirror casing design 

/ 
cross-flow bin / 

Figure f9.ll: Ventilation unit design 

Figure f9.12: Ventilation unit assembled 

The total mass added to the telescope system by including the ventilation unit is 
estimated 

m, . .,11,;1u,;,," "" 0.4 kg 
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Chapter 10: Baffling 

The optica} performance of a telescope system can be significantly disturbed by a 
phenomenon called stray light. Generally, stray light is defined as light coming from 
sources other than the objects in the field of view. Accordingly, light trespass is when 
stray light enters the telescope from off-axis and is reflected from surfaces other than the 
telescope's mirrors, eventually reaching the eyepiece. Stray light causes a glow across the 
image field, since it bas not been focused, therefore having a negative effect on the 
telescope's performance. It is sometimes referred to as optica} pollution [1]. 

Blocking stray light is known as opaquing or baffling, and is of highest importance for 
daytime observation. Also for night sky viewing and photography, opaquing is essential. 
Eliminating stray light produces images with the highest contrast able to be obtained 
from a given optical system. 

In a Cassegrain telescope system two kinds of light trespassing mechanisms can be 
described, direct trespassing and intemal reflection. 

• Direct trespassing occurs when light entering the system directly reaches the 
focal plane, without being reflected by the telescope mirrors. 

• Internal reflection is described by off-axis light reaching the focal plane by 
reflecting from any of the telescope components, including the mirrors. 

The first of these effects can be avoided by designing baffle tubes for the system. The 
size and shape of these baffles depend strongly on the configuration of the mirrors and 
the size of the field. 

Figure f10.1 a shows the dimensions and position of the system components determining 
the possible amount of stray light on the focal plane. Baffling can be conceptualized as 
changing these parameters by adding obstructive components. 

(a) (b) 

Figure fl0.1: Stray light in an unbaffled system 

Figure flO.lb shows three possible obstructive components that can be added toa 
Cassegrain system. First of all, stray light can be blocked by a tube with diameter slightly 
larger than the aperture. The outer tube works well for large off-axis angles, but needs to 
be exceptionally long to block all stray light. For the Cassegrain design discussed in this 
report, the outer tube is an undesirable feature, for it increases the telescope's overall 
volume and dimensions and creates a stationary volume of air inside the system causing 
seeing. 
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The system can equally be baffled by a combination of smaller tubes, attached to the 
primary and secondary mirror unit. Consequently, these are referred to as the primary and 
secondary baffle. Dimensions of the primary and secondary baffle need to be extremely 
accurate to guarantee full blocking of stray light without deteriorating the system 
performance. If baffle dimensions are too small, then loss of contrast occurs. This leads 
toa deterioration of the telescope' s optica) resolution. If baffles are over-dimensioned 
then vignetting occurs at the image plane. The result is shown in figure fl 0.2. 

'Ûlil.111 
'ÎJJIL 111 
lIL 111 

(a) (b) 

Figure fl0.2: Under-dimensioned baffles allow trespassing of stray light onto the image, resulting 
in a loss of contrast (a). Over-dimensioned baffles lead toa vignetted image (b) 

Consequently, the dimensions of the primary and secondary baffle need to be tuned to 
achieve an optima] optica] performance, while blocking all stray light. Several analysis 
methods are described in [13) [14) and [15). For this report, these methods have been 
combined to form a numerical algorithm. The complete analysis sequence and 
corresponding results are given in Appendix Ax9. 

Table tl0.1: Baffle dimensions for F = 13.3 

Primarr Baffle Stmbol Value [mm] 
Length L/IP 335.0 

Tip Radius r/lP1 22.67 

Base Outer Radius r,w" 32.02 

Base Inner Radius r,w; 11.71 

Secondarr Baffle Stmbol Value [mm] 
Length L/IS 26.33 

Outer Radius r,is" 38.31 

Inner Radius r,is; 33.50 

Fora telescope system with focal ratio f/13.3, the results are listed in table tl 0.1. Radii 
are measured from the optica! axis, while lengths are defined from the corresponding 
mirror vertex/apex. 

This leads toa mechanica] design for the baffles as suggested in the next paragraph. 
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§ 10.1 Baffle Design 
Figure f10.3 displays the mechanica} design for the primary and secondary baffle, with 
dimensions as prescribed by the calculation results presented in table t 10.1. For 
dynamical reasons, primary and secondary baffle are designed to be light-weight and 
stiff. Considering unison of materials in the telescope, CFRE would be a good choice. 
Regarding the secondary baffle -being part of the secondary mirror unit suspension- the 
material choice had already been determined in chapter 4. 

The primary baffle is shaped 
conically, with its outer 
contour following the 
dimension limits as specified 
in table t 10.1, and bas a wall 
thickness of 2.0 mm. In 
theory, the edge at the tip of 
the primary baffle should be 
made infinitely sharp. Y et, 
for safety and machining 
aspects the wall thickness is 
held constant over the length 
of the baffle. 

At the base of the primary 
baffle, the wall thickness bas 
been increased slightly to 
accommodate an aluminum 
insert. The insert is glued 
over a sleeve on the edge of 
the baffle, as depicted in 
figure fl0.3 (detail A). The 
outside of the insert is 
threaded so that the baffle 
can be screwed onto the 
supporting construction. 

Figure fl0.3: Primary and secondary baffle design 

In case of a pure Dall-Kirkham system, the supporting construction would be the primary 
mirror suspension. Whenever the optical system needs to be corrected, the baffle can be 
screwed onto the correction lens unit, which is placed in between the baffle and the 
primary mirror suspension. The required accuracy for the x-y position of the baffle can be 
found in the vignetting plots in Appendix Ax9.2. These indicate that a deviation of 1.0 
mm for the inner radius of the baffle only leads to an allowable 5% of vignetting near the 
edge of the image field. Translated to the tip of the primary baffle, the projected axial 
deviation will be 30 times higher. Therefore, the position of the tip of the primary baffle 
does not significantly affect the image quality, as long as it blocks stray light and stays 
reasonably close to the prescribed position. 
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Hence, a threaded joint would be adequate in this case. The insert is equipped with a rim 
machined perpendicular to the baftle centerline and serves as a mechanica! stop. Also, the 
outer edge of the rim is centered within 0.01 mm with respect to the supporting 
component by means of a centering sleeve. 

The secondary baftle and spider are made as a single piece. Therefore, positioning of the 
baftle as a single component is not an issue. The secondary baftle is an inherent part of 
the secondary mirror unit, and should therefore be treated as such. Whenever the user 
desires to change the optica} configuration, the whole secondary mirror unit needs to be 
replaced as a module. For the absolute position and orientation of the secondary mirror 
unit, a reference is made to chapter 4. The tip of the secondary baftle is slightly 
chamfered to follow the con tours of the off-axis rays falling on the secondary mirror. 
Similar to the primary baffle, the front edge of the secondary baffle must not be too 
sharp. 

Im age 
pl.1ne 

\ 
\ 

§ 10.2 Internal Reflection 
Finally, internal reflection is 
di scussed. Although a system 
equipped with a set of correctly 
dimensioned and positioned 
baffles is insensitive to direct 
stray light, the image can be 
contaminated with reflected stray 
light [ l]. Considering the baffle 
design as di scussed previously, 
figure fl 0.4 shows a number of 
possible light paths reflected by 
various system components. 

Figure fl0.4: The red and blue line represent beams of 
stray light reaching the image plane by internal reflection 

off system components 

Several ways to avoid internal reflection involves the use of specific materials (see figure 
fl 0.5). For instance, a non-reflective coating can be applied to the inside of the primary 
baffle. Many non-reflective coatings consist of transparent thin film structures with 
alternating layers of contrasting refractive index. By optimizing the layer thickness, 
destructive interference can be produced in the beams reflected from the interface. 

Interference coatings are specifically 
designed fora certain wavelength . Some 
optica) coatings can also be made with 
special characteristics, such as near-zero 
reflectance at multiple wavelengths, but 
these are very complex and expensive. 
Another solution is applying an absorbing 
anti-reflection coating to the surfaces . These 
coatings limit transmission through the 
applied surface layer white providing low 
reflectivity as well. 
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Absorbing coatings often make use of sputter deposition, e.g. by microscopie titanium 
nitride grains in thin films. The same principle goes for applying black granular paint. 
The grains roughen the interface, distributing the reflected stray light over a larger 
volume, while the black color absorbs it. Another example is the use of black velvet, 
whose hairy fiber properties distribute and absorb the light. 

Intemal reflection onto the image can also be eliminated by a mechanica} solution. This 
requires the inside surface of the primary baffle to be machined such that the reflection of 
any beam of stray light is always directed outwards. In other words, instead of 
eliminating the reflection, it is redirected. This can be achieved by designing the inside 
surface of the primary baffle with a saw-tooth profile, as depicted in figure fl0.6. 

The saw-tooth profile needs to be 
designed in such a way that any ray of 
light, incident at an angle larger than 
the maximum viewing angle, is 
directed outwards. Meanwhile, the rays 
belonging to the field of view must not 
be obstructed. The corresponding 
boundary limits are given by the 
calculation of the primary baffle 
dimensions, as explained earlier in this 
chapter. These boundaries are indicated 
in figure f10.6 by the dashed line. 

The boundary limits imply the saw 
teeth can be higher near the base of the 

Figure fi0.6: A saw-tooth profile on the inside of the 
primary baffle reflects the incident stray light away 

from the image field. Detail A shows how the 
diagonal faces of the teeth need to be parallel to the 

incident light beams 

baffle, while at the tip edge they need to be relatively short. The diagonal face of the teeth 
is inclined so that it runs parallel to the incident rays of light, as depicted in figure fl0.6 
(detail A). Since the angle is defined by the position of the tooth relative to the baffle tip, 
each tooth must be shaped differently. 

As the saw-tooth profile is a reflective way of eliminating stray light, it is independent of 
the wavelength and can be optimized to eliminate intemal reflecting by as much as 
99.9%. On the other hand, machining a mechanica} anti-reflective surface requires a lot 
more labor than simply applying an absorbing or interference film. These are widely used 
in the optical industry and are therefore relatively low-cost. 
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Chapter 11: Correction Unit 

So far, this report has dealt with the optica! and mechanica! design of a pure Dall
Kirkham Cassegrain system. The pure Dall-Kirkham system makes use of an elliptical 
primary mirror and a spherical secondary mirror. Considering mechanics and 
manufacturing, the configuration brings along many advantages. Optically, the system 
has some drawbacks. One of the most important performance limiting disadvantages of a 
Dall-Kirkham system is the occurrence of off-axis coma. Consequently, the usable field 
of a pure Dall-Kirkham is best kept small, to avoid excessive image degradation [2]. Off
axis coma is especially noticeable in systems faster than f/15. 

Nonetheless, a Dall-Kirkham system can be modified to compensate for the induced 
errors. Tuis involves adding corrective optica! components to the system, referred to as 
correction lenses. A corrected system may include multiple correction lenses, usually 
mounted together in a correction unit. Correction lenses refract the incident light beam to 
compensate for the initial error. Since the corrected system contains reflecting as well as 
refracting components, the system is called catadioptric. Catadioptric systems can be 
divided into two types (see figure fl 1.1). 

■ Full-aperture corrected systems, where the correction unit is located in the system 
aperture, refracting a parallel beam of light. 

■ Sub-aperture corrected systems, where the correction lenses are placed in the 
converging beam of light between the secondary mirror and the image field. 

Full-Aperture Corrector Sub-Aperture Corrector 

Figure fil.1: Various types of corrected Cassegrain systems 

The use of refraction introduces chromatic aberrations to the image field. Therefore, the 
design of correction lenses as well as determination of the correction unit location and 
positioning of the correction lenses within the correction unit requires a high level of 
optica} knowledge and geometrical calculations. 

In this chapter, the design of a sub-aperture corrector will be discussed. Since the final 
optica! design of the system has not been defined yet, analysis of the correction lenses 
cannot be done in this stage. Nevertheless, the mechanica! design of the correction unit 
can be explored globally, as done in the following paragraphs. 

The correction unit is placed in the converging light beam, between the secondary mirror 
and the image field. To keep the correction unit small and light-weight, it should be 
placed as close to the image field as possible. Since almost all of the volume bebind the 
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primary mirror is occupied by various components, i.e. the objective and focuser unit, the 
correction unit should be placed in front of the primary mirror. Also for optica! reasons, it 
is most advantageous to correct the incident rays before they enter the focuser [ I]. 

The primary mirror 
suspension has been 
designed such that a sleeve, 
containing part of the 
focuser unit, runs through 
the primary mirror centra] 
hole. This sleeve is used to 
connect the correction unit, 
as depicted in figure fl 1 .2. 

The correction unit mainly 
consists of a tube, in which 
the correction lenses can be 
positioned. A ledge is 
machined on the inside of 
the tube, which provides a 
reference for the first 
correction lens. From there, 
each following lens is 
placed on top of the next 
reference ledge, on a larger 
diameter. The edge of the 
volume between two 
consecutive lenses is used 
to fit an intermediate ring, 
made of a soft material e.g. 
rubber. 

Figure 11.2: Placement and detail of the correction unit 

This design sequence is repeated for the number of lenses required to assemble the 
correction unit. 

Finally, a nut is screwed in to pre-load the rubber rings. As seen in figure fl 1.2, the nut 
can be part of the primary baffle, since any corrected system comes with a particular 
(modified) baffle. The lenses are separated from their corresponding ledge by spacers, to 
avoid peak stresses, deforming or damaging the lenses. To avoid damage to the Ienses, 
the spacers should preferably be made of a low modulus material e.g. rubber. To ensure 
adequate positioning stiffness the spacers must be made as thin as possible, in the order 
of0.1 mm. 
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The position of the first correction 
lens with respect to the primary 
rnirror vertex is gi ven by the 
clearance length Le, as depicted in 

figure fl 1.3. The clearance length 
is defined by the moving shaft of 
the focuser unit. 

As described in chapter 3, the 
focuser shaft moves through the 
primary rnirror to reach its inner 
most position. This implies that the 
correction unit should be placed a 
certain distance Le away from the 

primary rnirror vertex, to avoid 
obstructing the focuser. 

In this case, the clearance length is 
given by 

Le =30.4 mm 

Figure fll.3: The axial position of the first correction lens 
is determined by the clearance length Le, given by the 

moving shaft of the focuser unit. 

In radial direction, the lenses are positioned within the machined accuracy of the tube. 
Tuis implies positioning is done with a fitting, and that play is inevitable. Communication 
with the producer and other amateur astronomers has pointed out that a fairly precise 
fitting i.e. ±0.005 mm is adequate for radially positioning the correction lenses. Note that 
the wall thickness of the correction unit is inferred by the number of required correction 
lenses. 

Sirnilar to the positioning of the secondary unit, an analysis could have been done for the 
exact position tolerances of the correction lenses, were it not that during the design 
process the definite optical lay-out and dimensions of the correction unit have not been 
made available. Therefore, in this report the correction unit will not be discussed in 
further detail. 
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Chapter 12: Focuser Unit 

A focuser is one of the most important parts of any telescope. Regardless of the quality of 
the optica! system, no telescope will be able to show sharp images with a bad focuser 
unit. The focuser positions the lenses in the eyepiece along the optica! axis, so their focus 
point corresponds with the system focal plane. The image from the focal plane is 
redirected and possibly magnified through the objective and eyepiece to an optica! 
receiver. This could be either the human eye, or e.g. a camera. 

The focuser needs to be very accurate to produce a sharp image. Chapter 4 bas pointed 
out that the maximum allowable defocus error & is equal to 

&max =l.2-10-3 mm (12.01) 

The focuser unit must be equipped with a fine translation mechanism having a resolution 
equal to or smaller than & . Y et, this is not entirely true, since the human eye or a 
common digital camera is also contains a focusing mechanism, which can compensate for 
any existing error. 

Focusing must be very smooth. For regular use the focusers are allowed to slightly shift, 
since the eye is able to correct the image. For photographic use, though, the focuser 
should hold the objective perfectly still, especially for analogue photography. If not, then 
the performance of the telescope as a whole is compromised. 

The focuser unit chosen for the telescope system discussed in this report is the "Feather 
Touch 2.0" Focuser". This product is suitable for 2" objectives, and bas a maximum 
stroke of 2" as well. lt is equipped with a coarse focus knob which bas a ratio ic of 19.94 

mm/revolution, and a fine focus knob with a ratio i1 of 1.96 mm/revolution. 

Accordingly, the required rotational resolution 0r,s for the fine focus knob is equal to 

0r,s = ~ 21i = 3.8 · 10-3 rad= 0.22 degrees 
lf 

(12.02) 

By hand, this kind of resolution is qui te difficult to achieve, especially considering the 
small radius of the fine focus knob, which is around 12.0 mm. However, the focuser unit 
can be equipped with an electronic actuator and corresponding gearbox to make focusing 
as accurate as possible. The actuator can further be controlled by auto-focusing software, 
to improve the user comfort even further. 

97 



Because the focuser can only hold a limited amount of weight without drifting out of 
focus when the focuser tube is not held horizontal, the focuser contains an adjustable 
tension internal brake system. The brake consists of a lever arrangement internal to the 
pinion block. Adjusting the thumbscrew on the pinion block causes the lever to press a 
friction pad onto the pinion. This increases the torque needed to turn the focus knobs. lf 
the thumbscrew is turned all the way in, the pinion shaft and the drawtube are locked in 
position for long exposure astrophotography. 

Visually, partial tightening of the internal brake offers a range of braking forces to 
accommodate various eyepiece weights, only limited by the elastic properties of the 
focuser components. Moderate tightening of the drawtube tension screw allows the lifting 
capacity to be adjusted. Various knobs and adjustment screws are indicated in figure 
f12.1. 

CRAYFORD 
DRIVE 

Figure f12.1: Feather Touch focuser unit 

The base of the focuser contains a flange and a reference plane, by which the focuser unit 
needs to be fixed and positioned within the telescope system. The design in this report 
fully incorporates the focuser unit as apart of the primary suspension unit and support 
frame. Thereby, the focuser is rigidly fixed relative to the primary mirror, while the 
focuser shaft is allowed to move through the centra) hole in the mirror. 

Additional detailed information about the focuser unit can be found in Appendix Ax 12. 
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Chapter 13: Overview and Dimensions 

Tuis chapter will give an overview of the complete telescope design, the proposed 
modules and added features. Figure f13.l shows the completely assembled system. 

In this report, the physical design of the 
telescope components bas been 
centralized on an optica} focal ratio of 
13.3. During the design process all 
system values have been made 
parametric, making it easy to change 
positioning dimensions and other 
properties for any desired optica} 
configuration. Furthermore, the design 
bas made it possible to create a 
modular telescope system. 

The main module consists of the 
Figure fl3.1: Assembled telescope system 

primary mirror and its suspension, and is directly connected to the telescope mount. The 
other modules contain the remaining parts, and can be fitted to the main module. While 
the main module always stays the same, other modules can be attached to form various 
optica} configurations. Different secondary mirror modules e.g. can be used to change the 
focal ratio of the system. In accordance, the relative positioning of the optica} 
components along the optical axis must be changed as well, asking for a different length 
of the frame tube, which is the third module. Modules are attached by using the proposed 
frame connectors. Additional features, such as the primary mirror ventilation unit and 
baffle are attached according to the system configuration and desired application. Figure 
f13.2 offers an exploded view of the system and its modules. 

correcllon lens 

7unlt / prtmary batne 

secondary modUle 

·--
prtmary module / 

Figure fl3.2: Exploded view 
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§13.1 Packaging 
One of the demands of the telescope design -when not in use- is portability to an ex tent 
that it is a11owed onto an airplane as carry-on luggage. This implies the telescope should 
be packaged according to different airline restrictions, i.e. weight and dimensions. Since 
restrictions can vary from airline to airline, a list of requirements belonging to several 
commonly used airlines is offered in Appendix Ax 12. 

The modular design of the telescope makes it possible to disassemble the system before 
packaging. This a11ows the required volume to be made much sma11er, and moreover, the 
system can be better protected. Before considering the recommended packaging layout, 
the overa11 volume and mass of each module is presented in table t 13.1. 

Table tl3.1: Mass and volume of telescope modules 

Primary Module 
Secondary Module 
Tube Module 

Primary Baffle 
Correction Unit 
Ventilation Unit 

Total 

Mass [kg] 
5.6 
0.7 
0.7 

0.2 
0.1 
0.2 

7.5 

Volume [L] 
9.7 
4.2 
4.2 

1.2 
0.1 
1.1 

20.5 

The presented estimated values are an indication that if packaged well, the telescope 
system is a11owed as carry-on luggage under the strictest weight requirements (see 
Appendix Ax 12). Considering package dimensions, the majority of airlines only a11ow 
carry-on luggage when bound to the following limit 

L,,+W,,+H,, sl150 mm (13.01) 

The length and width of the package are denoted by Lp and W p, whereas Hp is the height. 
These rectangular dimensions must encompass the whole package, including handles or 
wheels etc. 

By division into modules, the telescope system is made as sma11 as possible; however the 
packaging layout is essential. Between the system modules, clearly the primary module is 
the largest. Therefore, when packaging the system, the primary module should be placed 
first. The height and width of the primary module are used to set the base area for the 
package. 

H,, =435 mm and W,, =310 mm 

Combining into (13.01 ), this leaves an allowed length of 

L" s 1 150-W,, - H,, = 405 mm 
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During transport, the packaged telescope 
is subject to various dynamic conditions, 
possibly damaging essential components 
and degrade system performance. 
Therefore, it is recommended that the 
polished optica} surfaces are protected. 
In this respect, a cover has been 
designed for the primary mirror. The 
cover consists of a ring screwed into the 
correction unit bolder onto the primary 
suspension. A cover plate with a 
diameter of 305 mm falls over the tube, 
and is pressed against a ledge on the ring 
by a threaded lid (see figure f13.3). The 
lid covers the centra} hole in the primary 
mirror unit as well. 

Figure fi3.3: Primary mirror cover design 

Since the same frame connectors have been used in each module, the secondary module 
can directly be coupled to the primary module. Apart from limiting the axial length of the 
telescope, this provides a very robust and stiff structure in which the secondary mirror 
surface is protected as well. The resulting layout is shown in figure f13.4. Axially, the 
package has a length of 315 mm, which is well within the limit specified by (13.02). 

Figure fi3.4: The primary and secondary module are connected to form a rigid structure 

The free volume in between the primary and secondary module can be used to 
accommodate the tube module on one side and the objective or other accessories on the 
other side (see figure f13.5). 
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The primary baffle and correction unit can be fitted inside the tube module, to optimally 
use the available space. The ventilation unit is clipped onto the back of the primary 
module. 

Figure f13.S: The tube module and other remaining system components can be fit in the remaining 
volume between the primary and secondary module 

When the telescope is packaged, the remaining volumes as well as the edges are filled 
with blocks of foam. The foam prevents the telescope parts from moving inside the 
casing and damps out any externally caused vibrations. This avoids damage to the 
system. For polyurethane foam with a density of 50 kg/m3, the added mass is 
approximately 1.2 kg. A sol id polyurethane casing with a wall thickness of 3.0 mm will 
add another 2.5 kg. 

The result is a possible casing with properties as listed in tab Iet 13.2. 

Table t13.2: Casing properties 

Dimensions 
Length 350 mm 
Width 350 mm 
Height 450 mm 

Volume 

Mass 

55.0 L 

11.2 kg 

Based on Appendix Ax 12, this casing is 
allowed as carry-on luggage for the 
majority of airlines. 
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Conclusion 

A proposal has been made for the design of a 300 mm Dall-Kirkham Cassegrain. 
Thereby, basic essentials for high performance and special features desired by most 
amateur astronomers have been incorporated in the design as much as possible. The 
design discussed in this report is specifically dedicated toa pure Dall-Kirkham system 
with a focal ratio of 13.3. 

The most important optical aberrations have been defined and compared to the 
geometrical aberration limit, which defines the optical performance of the system. 
Thereby, an analysis method for determining the relative positioning and alignment 
tolerances of the primary and secondary mirror has been proposed. Primary and 
secondary mirror have been mounted in a specially designed suspension both statically 
determined and thermally stable. The structural frame has been optimized in terms of its 
dynamic behavior. Tuis has resulted in a lowest system eigenfrequency of 180 Hz. While 
the primary mirror is used as a reference, the secondary mirror unit contains a 
ÇO'lf-actuator mechanism able to align the secondary mirror within 0.1 mrad. Tuis 
corresponds to an optical performance of V20, for a wavelength spectrum ranging from 
near UV to deep IR. 

The structural frame of the telescope has been designed in modules, which allows 
changing the optical configuration while the same primary mirror is used. This creates a 
universa} telescope system suitable fora variety of applications, dependent on the 
modules used. Each module contains a similar connector, making modules 
interchangeable without requiring extra components. The layout of the telescope is 
designed such that an open structure is formed, allowing air to flow through the system. 
Tuis enhances the thermal balance of the telescope, which improves optica} performance 
and diminishes seeing effects inside the system. The optical performance is further 
improved by applying primary and secondary baffles, which block stray light and prevent 
intemal reflection. Hereby, a geometrical algorithm has been designed to calculate the 
exact baffle geometry and positioning to avoid vignetting of the image. In case the 
telescope is used for large focal ratios, a correction unit can be attached to compensate for 
any induced errors. 

For wind-still conditions, a ventilation unit has been designed for the primary mirror. The 
ventilation unit provides a steady and controllable air flow over the primary mirror 
surface, decreasing temperature adjustment times and keeping dust or other particles off 
the mirror surf ace. The modular design of the telescope makes it possible to package the 
system within a very small volume. Moreover, the system has a total mass of 7.5 kg, 
making it extremely lightweight. A special packaging layout has been presented, which 
allows system to be brought on board of an airplane as carry-on luggage. Consequently, 
mobility requirements of the telescope are highly met. 

Since a definitive optical configuration of the system had not been determined during the 
design process, all property values have been made parametric. Tuis allows easy 
recalculation of system dimensions and relative positioning of components for different 
configurations. 
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Appendix Axl 
Material Properties 

Pyrex 7740 
Density 
Y oung's Module 
Shear Module 
Tensile Strength 
Poisson Ratio 

Aluminum 6061 
Density 
Young's Module 
Shear Module 
Tensile Strength 
Poisson Ratio 

Dural 
Density 
Y oung's Module 
Shear Module 
Tensile Strength 
Poisson Ratio 

2230 kg/m3 

64.0 GPa 
26.0 GPa 
27.7 MPa 
0.20 -

2700 kg/m3 

70.0 GPa 
26.3 GPa 
124 MPa 

0.33 -

2800 kg/m3 

73.0 GPa 
27.4 GPa 
450 MPa 

0.33 -

Carbon Fibre Reinforced E~oxy* 
Density 1800 kglm 
Y oung's Module 70.0 GPa 
Shear Module 5.5 GPa 
Tensile Strength 750 MPa 
Poisson Ratio 0.05 -

Epoxy Adhesive 
kg/m3 Density 2230 

Y oung's Module 2.0 GPa 
Shear Module 0.7 GPa 
Shear Strength 1.0 MPa 
Poisson Ratio 0.40 -

Therm. Expansion 
Therm. Conductivity 
Specific Heat 

Therm. Expansion 
Therm. Conductivity 
Specific Heat 

Therm. Expansion 
Therm. Conductivity 

Therm. Expansion 
Therm. Conductivity 

33.10-1 1/K 
1.1 W/mK 

756 JlkgK 

24·10-6 1/K 

180 W/mK 

896 JlkgK 

22.5-10-6 1/K 
147 WlmK 

2· 10-6 1/K 
0.9 W/mK 

* Unidirectionally averaged 

Therm. Expansion 
Therm. Conductivity 
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Appendix Ax2.1 
Primary Mirror Surface Deflection - Support Points 

In this analysis, the effect of support type on surface deflection is examined to determine 
the optima! support for the primary mirror. Therefore, the primary mirror has been 
modeled by using a simplified geometry; a disc with and outer diameter of 300 mm and 
thickness 30 mm, with a centra! hole of 75 mm. The disc is loaded by its own weight · 
under a gravitational acceleration of 9.81 m/s2

• The disc is supported on the bottom by a 
ring support, with a radius equal to r. When r is varied, the result is shown in the graph 
below. 

absolute surface deflection 
180 

,. i- 75 

~~: 
1. r • 1 

}---~----~~ 
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l 
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<:= 80 ., 
-c ., 
u 
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:, 

"' 
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20 

0 
40 60 

support radius r (mm) 

Figure Ax2.1: Absolute surface deflection vs support radius r 

A minimal surface deflection is achieved when the radius of the support ring is equal to 
approximately 105 mm. 

In case the ring is not fully supporting the mirror, but only fora number of points along 
the ring radius, the result is given in figure Ax2.2. 

For an infinite number of 
support points, the ring 
causes a surface deflection as 
indicated in figure Ax2.1. If 
the number of support points 
is decreased, the surface 
deflection grows to infinity. 

Tuis result is combined with 
the optima! geometry in 
Appendix Ax2.2 to find the 
required number of support 
points for the primary mirror. 
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Figure Ax2.2: Absolute surface deflection 
vs number of support points 
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Appendix Ax2.2a 
Primary Mirror Geometrie Parameters 

1· 

300.0 

1 
/R 1677 .S 

~- 75,0 
1 z 

[s: 1 
k J d 

Variant a [mm] b [mm] c [mm] d [mm] e [mm] 

Al 40 120 40 120 40 
A2 30 120 30 120 30 
A3 20 120 20 120 20 
A4 10 120 10 120 10 

Bl 40 15 30 15 40 
B2 40 15 20 15 40 
B3 40 15 10 15 40 
B4 40 15 0 15 40 

Cl 40 30 0 30 40 
C2 40 45 0 45 40 
C3 40 60 0 60 40 
C4 40 75 0 75 40 

Dl 40 15 0 30 5 
D2 40 15 0 45 5 
D3 40 15 0 60 5 
D4 40 15 0 75 5 

El 40 15 0 75 10 
E2 40 15 0 75 15 
E3 40 15 0 75 20 

Fl 30 15 0 30 5 
F2 30 15 0 45 5 
F3 30 15 0 60 5 
F4 30 15 0 75 5 

Gl 20 15 0 30 5 
G2 20 15 0 45 5 
G3 20 15 0 60 5 
G4 20 15 0 75 5 

Hl 20 15 0 75 10 
H2 20 15 0 75 15 
H3 20 15 0 75 20 
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Appendix Ax2.2b 
Primary Mirror Dynamic Analysis Results 

Variant Mass COG Az Modes [Hz) 
[g] [mm] [nm] #1 #2 #3 #4 #5 #6 

A1 6582 -18.2 69 2317 2317 3615 5269 5269 6692 
A2 5229 -13.2 110 1835 1835 2893 4289 4289 5933 
A3 3558 -8.2 219 1313 1313 2095 3156 3156 4429 
A4 2046 -3.1 6n 763 763 1252 1890 1890 2628 

81 5775 -15.7 67 2184 2184 3513 4852 4852 6874 
82 4929 -13.4 62 2074 2074 3469 4402 4402 6554 
83 4083 -11.6 56 2030 2030 3509 3998 3998 6040 
84 3237 -10.7 47 2145 2145 3704 3817 3817 5276 

C1 3616 -12.2 33 2357 2357 3984 4316 4316 5958 
C2 4025 -13.6 20 2521 2521 4198 4855 4855 6798 
C3 4482 -14.8 10 2615 2615 4282 5338 5338 7525 
C4 4981 -15.9 4 2630 2630 4223 5656 5656 7251 

D1 3488 -11.6 43 2255 2255 3893 4264 4264 5942 
D2 3735 -12.3 28 2311 2311 3994 4707 4707 6526 
D3 3990 -13 14.4 2301 2301 3971 5053 5053 5971 
D4 4250 -13.6 4.3 2217 2217 3831 5198 5198 5552 

E1 4356 -13.7 3.8 2251 2251 3760 5239 5239 5901 
E2 4461 -14 3.3 2291 2291 3725 5286 5286 6202 
E3 4565 -14.3 3.7 2340 2340 3737 5342 5342 6465 

F1 2767 -8.2 68 1747 1747 3066 3328 3328 4719 
F2 2959 -8.8 41 1813 1813 3159 3721 3721 5369 
F3 3166 -9.3 20 1827 1827 3155 4056 4056 5369 
F4 3374 -9.8 5.7 1781 1781 3052 4241 4241 5135 

G1 2048 -4.8 122 1208 1208 2175 2329 2329 3408 
G2 2192 -5.3 66 1275 1275 2256 2637 2637 3913 
G3 2342 -5.7 30 1308 1308 2264 2930 2930 4006 
G4 2497 -6.1 8.7 1300 1300 2198 3136 3136 3868 

H1 2601 -6.4 7.6 1333 1333 2165 3175 3175 4141 
H2 2706 -6.7 6.9 1385 1385 2236 3232 3232 4473 
H3 2811 -7.2 6.6 1458 1458 2393 3309 3309 4806 
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Appendix Ax3 
Primary Mirror Suspension - Exploded View 
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Appendix Ax4.1 
Secondary Mirror Positioning Tolerance - Analysis 

The secondary mirror positioning tolerance analysis is based on three types of offset, 
being decenter, tilt and axial displacement. Decenter is used to explain the analysis 
process. In the decenter offset analysis, the secondary mirror is translated along the x-axis 
in positive direction. Rotational symmetry of the system implies that results fora 
negative translation can be obtained by mirroring, or adding a negative sign. Also, this 
implies that a y-translation would provide sirrular results. Figure Ax4.1 depicts the 
changing image of a point source located along the optica] axis at a distance of infinity, 
when the secondary mirror is translated along x. 

Figure Ax4.1: Point source image subdue to decenter of the secondary mirror, in mm 

The circle outline represents the system Airy disc size, which is the diffraction limited 
spot size for the entire system. The actual point source image, represented by the blue 
area, should therefore stay within the Airy disc to ensure system performance. Figure 
Ax4.1 indicates that for increased decenter, the image will show coma. Moreover, the 
image itself translates with respect to the center of the field, which can be qualified as 
distortion. Since the image field already has some value of curvature, this immediately 
implies that the image becomes out of focus as well. Image points can be analyzed using 
Zemax to start a quantitative approach. For each step in the x-translation of the secondary 
mirror, Zemax can determine the RMS spot radius, the geometrical spot radius and the 
location of the center of the image. Furthermore, Zemax determines the system Airy disc 
radius, which is a constant for given optica] components. 

■ The RMS spot radius is defined as the average distance for all spots, from their 
point of impact on the image field to the absolute origin of the image field. 

• The geometrical spot radius is the minimum circle radius, with its origin 
corresponding with the absolute origin of the image field, which covers all image 
spots. It is therefore the maximum radius of the spots. 

• Zemax can determine the center of the image by calculating the coordinates of all 
spots on the image field, then averaging them. 

These three values can be plotted against the corresponding value of x-decenter to 
produce the graph depicted in figure Ax4.2a. The Airy disc radius defines the maximum 
allowable value of decenter. To produce good image quality, it is required that all image 
spots fall within the Airy disc. Therefore, the geometrical spot radius is used to define the 
decenter value. When the image translation is included in the analysis by adding it to the 
geometrical spot radius, this further lowers the allowable decenter value. 
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Figure Ax4.2b quantifies the defocus aberration of the image when decenter of the 
secondary mirror is introduced. The decentered secondary causes the image to translate in 
the image field . Since the field is curved, this implies that the image becomes out of 
focu s. The graph in figure Ax4.2b indicates how far the image is out of focus for different 
decenter values. 
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Figure Ax4.2: Aberration analysis due to decenter. In-plane image behavior for different 
decenter values, limited by the Airy disc radius. Figure f4.3b shows the value of image defocus for 

different decenter values, or the out-of-plane behavior. 

The analysis results would imply that the maximum allowable decenter value is around 
0.17 mm. The corresponding image defocus would be 0.0004 mm, which can be 
eliminated by adjusting the focuser unit. However, the results cannot be compared to the 
geometrical aberration limit. Therefore, another criterion has to be used, based on 
interference. The following experiment setup, as di splayed in figure Ax4.3 , is modeled in 
Zemax to produce an interference pattern. 

All optica] components of the 
telescope system are aligned 
perpendicularly to a flat mirror. A 
laser emitter is aligned with the 
optica] axis and placed behind the 
primary mirror. The laser beam is 
diverged by a set of lenses and 
directed backwards through the 
system so that it reproduces an 
on-axis parallel beam coming 
from an infinitely far point 
source. The laser is then reflected 
by the flat mirror and redirected 
through the system. A prisma 
reflects the beam at a 90 degree 
angle to an image plane placed in 
the focal point. 
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Figure Ax4.3: Experimental setup for aberration analysis 
based on interference 



As the outgoing and incoming beams overlap 
after reflection by the flat mirror, 
interference causes the intensity of the beams 
to vary with distance. This is due to the wave 
characteristic property of light. In case all 
system components are perfectly positioned 
and aligned, the interference pattem is the 
same for each ray of light. For an image 
plane that is placed perpendicular to the 
incident laser beam, this will result in an 
image with equally distributed intensity. By 
giving a small angle to the image plane, the 
image will show a number of straight bands 
of high and low intensity (figure Ax4.4). The 
number of bands is dependent on the angular 
value of the image plane inclination. 

Image 
plane 

Figure Ax4.4: The incident light rays have an 
intensity distribution that varies along its 
direction of propagation. The angle of the 

image plane determines the amount of bands 
visible in the interference pattern 

If any of the system components are not properly aligned, the interference pattem shows 
curved fringes that correspond to certain aberrations. 

The bands in the interference pattem can be 
used to determine the peak-to-valley error, or 
simply P-V error. The P-V error is defined as 
the distance (in waves) between the peak and 
the valley of one of the bands in the 
interference pattem. Since the P-V error can 
vary over the analyzed image area, it is 
usually expressed as the maximum P-V error. 
Fora perfectly aligned system, all bands in 
the interference pattem are straight, so the 
P-V error is equal to zero. In case there is a 
misalignment of one or more components, 
the bands become curved so there exists a 
P-V error greater than zero (figure Ax4.5). 

Figure Ax4.5: The interference pattern fora 
perfectly aligned system (1) and for a 

misaligned system (r). A misaligned system 
causes curved bands in the interference 

pattern, introducing a P-V error 

The P-V error is expressed in waves, so by multiplying the error by the wavelength it can 
directly be linked to the geometrical aberration error, E

8
• 

Tuis setup can also be used in practice, by actually aligning the complete telescope 
system with the laser and the flat mirror to analyze and adjust the alignment of the system 
optica} components. In this case the interest lies in finding the positioning tolerances that 
are required for the secondary mirror unit. The Zemax model is an excellent means to do 
this. The modeled system allows Zemax to calculate the P-V error for any configuration. 
The secondary mirror is given a decenter value in a certain range, and for each step the 
corresponding P-V error is determined. The results are plotted in a graph, shown in figure 
Ax4.6. 

119 



From the analysis 
results shown in figure 
Ax4.6, the maximum 
allowable decenter value 
is 0.032 mm. 

The allowable decenter 
value resulting from the 
interference analysis is 
significantly lower than 
the value found by using 
the Airy disc analysi s. 
In fact, the Airy disc 
analysi s provides a 
value that is five times 
higher. The underlying 
analysi s principle, 
however, explains 
which should be used to 
determine the tolerance 
limits. 
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Figure Ax4.6: Peak to Valley error caused by decenter. 
The P-V error value is limited by the geometrical aberration error 

EK ~½o 
• The Airy disc based analysis is a form of ray aberration analysis, and compares 

the transverse ray aberration relative to the size of the Airy di sc. 
• The interference based analysi s compares the longitudinal ray aberration relative 

to the perfect wavefront, and is therefore a form of wavefront analysis. 
• The relationship between these analysi s types is constant for any given relative 

aperture, or F-number. 

Since the system demands require that the wavefront error should be lower than or equal 

to the geometrie aberration limit, EK ~ ½o, the interference based analysi s provides the 

essential information to determine the tolerance limits. Nevertheless, the Airy di sc based 
analysi s provides a convenient graphical interface for the initia] evaluation of the induced 
error. 
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Appendix Ax4.2a 
Tolerance Results for Decenter 

Light Scattering cauHd by xy-Dkent• 
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Figure Ax4.7: Aberration analysis due to decenter. In-plane image behavior for different 
decenter values, limited by the Airy disc radius. Figure (b) shows the value of image defocus for 

different decenter values, or the out-of-plane behavior. 
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Figure Ax4.8: Peak to Valley error caused by decenter. 

The P-V error value is limited by the geometrical aberration error E 
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Appendix Ax4.2b 
Tolerance Results f or Tilt 
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Figure Ax4.9: Aberration analysis due to tilt. In-plane image behavior for different tilt values, 
limited by the Airy disc radius. Figure (b) shows the value of image defocus for different tilt 

values, or the out-of-plane behavior. 
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Appendix Ax4.2c 
Tolerance Results f or Axial Displacement 
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Figure Ax4.11: Aberration analysis due to axial displacement. In-plane image behavior for 
different axial displacement values, limited by the Airy disc radius. Figure (b) shows the value of 

image defocus for different axial displacement values, or the out-of-plane behavior. 
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The P-V error value is limited by the geometrical aberration error E 
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Appendix AxS 
Secondary Mirror Suspension - Exploded View 
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Appendix Ax6 
Barrier Diffraction 

Fraunhofer diffraction deals with a parallel and monochromatic light beam approaching a 
diffracting object, in this case a rectangular slit. Figure Ax6.1 depicts the situation and 
the resulting diffraction pattem. 

Fraunhofer diffraction states that a light 
beam traveling through a narrow opening 
will conceive an interference pattem in its 
wave front. The interf erence pattem 
contains several altemating bands of high 
and low intensity, distributed 
symmetrically around the light beams 
direction of travel, and oriented along the 
edge of the diffracting object. For a 
circular diffracting object, or apin hole, 
the diffraction pattem is depicted in figure 
Ax6.l. 

The intensity bands in the diffraction 
pattem are oriented along the edge of the 
pin hole, with a peak intensity spot in the 
middle of the pattem and bands of ever 
decreasing intensity radially outwards. 
Figures Ax6.1 and Ax6.2 clearly indicate 
that the resulting diffraction pattems are a 
form of wavefront aberration. 

The Fraunhofer diffraction principle is a 
type of far-field diffraction, wherein a 
parallel ray approximation is used. Since 
the light entering the telescope system is 

Single slit configuration Diffraction 
pattern 

Figure Ax6.1: Fraunhofer diffraction Cor a single 
slit 

Figure Ax6.2: Fraunhofer diffraction pattern 
for a pin hole 

assumed to originate from a source at infinite distance, the Fraunhofer principle is valid. 

The diffraction pattems shown in figures Ax6. l and Ax6.2 are based on slits or holes of 
infinitesimal width or radius. A larger diffracting object can be regarded as a combination 
of a straight section where no diffraction occurs and an edge effect, which is similar to 
the depicted diffraction pattems. In fact, the system airy disc bas a shape similar to the 
diffraction pattem in figure Ax6.2 and is caused by the circular system aperture. 

When dealing with a diffracting obstruction rather than a diffracting aperture, the 
following equation holds, known as Babinet's principle [9]. 

(x6.01) 
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Consider two seemingly opposite cases of diffraction. The first is diffraction caused by 
parallel light rays traveling through an aperture of width w, as seen in figure Ax6.3. This 
creates a diffraction pattern with an intensity distribution / A • In the second case, the same 

parallel light rays encounter an opaque barrier, also of width w. Here the resulting 
intensity distribution is / 0 . 

lo _____ _ __ 1 

H_._............. H 

1111111111111111111111111111 111111111111!TI1111111111111 
aperture diffraction harrier diffraction 

Figure Ax6.3: Barrier diffraction is 

In figure Ax6.3, the dashed line represents / 0 , the intensity distribution when the incident 

wavefront does not encounter any diffracting object. The aperture diffraction and barrier 
diffraction are related by equation (x6.01 ). Equation (x6.01) fellows directly from the 
laws of conservation of energy, and states that the total possible intensity distribution is 
equal to the sum of the intensity distribution through an aperture and the intensity 
distribution when the same amount of light is blocked by an obstruction. 

Figure Ax6.3 indicates that in case of barrier diffraction, 
intensity peaks occur near the edges of the barrier. These 
peaks can obtain an even higher value than the unobstructed 
intensity / 0 • This phenomenon is also noticed in e.g. an 

annular solar eclipse, as seen in figure Ax6.4. Here, the light 
rays coming from the sun are blocked by a circular obstruction 
(the moon). Barrier diffraction occurs and creates a band of 
high intensity light along the circumference of the obstruction. 

A similar effect occurs for any obstruction geometry, albeit 
that the resulting diffraction pattern may vary. In genera], in a 
barrier diffraction pattern the fringes propagate normal to the 
diffracting edge. In the case of the circular obstruction, as seen 
in figure Ax6.4, the fringe with highest intensity occurs near 
the edge of the obstruction, while band of ever decreasing 
intensity are located farther away from the edge. 
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Figure Ax6.4: Annular 
solar eclipse. 

The Sun and moon are 
completely aligned, 
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Appendix Ax7 
FEM Analysis of Male Connector Part 
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FEM analysis of the male connector part, when a unüormly distributed pressure 
of 1.0 MPa is applied to the sleeve. The color chart shows absolute displacement in 

mm 

The component bas been constrained by rigidly fixing the bonding surface, while a 
uniform pressure has been applied to the sleeve. Numerical results are listed in the table 
below. 

Applied pressure l .O MPa 
Maximum radial deformation 7.8 -10-3 mm 
Maximum stress (VM) 29.7 MPa 
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Appendix Ax8.1 
Thermal Boundary Layer Refraction 

Consider a mirror surface placed in the atmosphere. The mirror surface has a temperature 
I:, higher than the temperature in the atmosphere I: , which is assumed to be constant. 

Due to the higher temperature of the mirror surf ace, convective heat transfer will occur 
between the surface and the surrounding air in the atmosphere. Hereby a temperature 
gradient between the mirror surf ace and the atmosphere is created. This implies that a 
layer of air close to the mirror surf ace will have a higher temperature than the 
atmospheric temperature T

0 
• 

A ray of light that propagates through the atmosphere enters the telescope system and is 
reflected by the mirror. However, a small layer of air directly in front of the mirror 
surf ace has a higher temperature than the rest of the atmosphere. Since the refractive 
index of air changes with temperature, this implies that the ray of light is refracted by the 
warm layer of air in front of the mirror. This causes a wavefront aberration, which is 
known as seeing. 

Tuis principle is referred to as refraction 
due to a thermal boundary layer, and is 
sketched in figure Ax8.l. Snell's Law 
prescribes that when a ray of light travels 
from a medium with refractive index n1 to 
a medium with refractive index n2, the 
angles of refraction 01 and 02 are related by 

sin Bi n.z(T) --=--
sin02 !li(T) 

(x8.O1) 
Figure Ax8.1: Refraction due to thermal 

boundary layer 

Equation (x8.O1) indicates that the refractive indices of air are dependent on temperature. 
Tuis relationship is given by 

1 +( 6O.l-O.972T) · 10-10 

n(T)=(l.O002926-1)-------+1 
96095.43(1 +O.003661T) 

(x8.O2)* 

*taken from [6] 

Figure Ax8.1 shows that the original incident ray of light is refracted from point P1 

downwards, reflects off the mirror surf ace and is refracted again at point P2• The result is 
a virtual reflected image occurring at point P3. The height o'of P3 is the geometrical 
wavefront aberration, and must be limited by 

b''<E 
- g 

(x8.O3) 

In case the boundary layer thickness ö, as well as the temperature of the atmosphere and 
boundary layer are known, the resulting wavefront aberration can be calculated for any 
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given angle of incidence 01• Snell's Law indicates that for an angle of incidence 0, equal 
to zero, no refraction occurs. Therefore, boundary layer refraction only has an effect on 
off-axis image points. A larger wavefront aberration occurs if the incident angle is 
increased. However, the optica! system is limited toa certain field of view, corresponding 
with a maximum angle of incidence on the primary mirror given by 

01 = tan-1 'ÎmaRe 
1 max FD (x8.04) 

where ,;,,w~e is the desired radius of the image field, Fis the system focal ratio and Dis 

the aperture diameter. Since no conclusive optica! design has been made, 011 cannot be 
rnax 

determined. However 01 I will typically be in the order of 1 · l 0-3 rad. This value can be 
max 

used to determine the maximum induced wavefront aberration. Furthermore, the 
temperature of the boundary layer and the surrounding atmosphere can be expressed as a 
temperature dif.ference. That way, the number of possible solution is reduced, and the 
problem can be solved fora range of temperature differences. 

What remains is the boundary layer thickness ö. The boundary layer thickness is 
dependent on many things, and is quite difficult to calculate. The boundary layer problem 
is of a thermo-dynamic nature, and is influenced by laminar or turbulent air flows. 
Calculating the thermal boundary layer in full detail would exceed the purpose of this 
report by far. Instead, the boundary layer thickness will be analyzed fora few situations 
only, to give a genera! impression. 
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Appendix Ax8.2 
Natural Convection 

Consider the rnirror body as a solid body with a certain temperature Tm. In an open 

telescope structure, the mirror is suspended in the outside atmosphere consisting of a 
certain composition of gases that corresponds to air, with an ambient temperature T,, . 
Assurning that Tm > T,, , then a heat flux will exist from the core of the rnirror body into 

the atmosphere. Tuis heat flux will first consist of apart in which the type of 
transportation is conduction, followed by convection when the heat is passed from the 
solid body to the gaseous environment. To simplify the analysis, only 1-D heat transfer is 
considered and radiation will not be included. 

Figure Ax8.2 shows a graphical representation of the 
heat transport mechanisms from the rnirror body into the 
atmosphere. The rnirror body is depicted as an infinite 
plate with constant thickness equal to W . In the center of 
the plate the temperature is equal to Tm, whereas the 

outside atmosphere bas a temperature of T,, . Inside the 

rnirror body, the temperature profile will be deterrnined 
by the effect of conduction. Figure Ax8.2 shows that the 
gradient here is rather constant. As soon as the heat 
leaves the body, convection takes over and the 
temperature profile shows a highly decreasing gradient 
dropping exponentially to T,, . 

The Biot number is a dimensionless ratio of convection 
to conduction resistance to heat transfer. Hence, it gives 
an indication of the temperature drop within the rnirror 
body compared to the temperature difference between 
the rnirror surface and the outside atmosphere. The Biot 
number is defined as 

Bi= hCVS 
kAS 

atmosphere 

Figure Ax8.2: Temperature 
profile for Bi < 0.1 

(x8.05) 

where he is the convection coefficient between the rnirror surface and the surrounding 

air, k is the thermal conductivity of the rnirror material, while V, and As are the volume 

and convective surface area of the rnirror body, respectively.The Biot number can 
indicate whether the heat transfer problem is dorninated by conduction or by convection. 
Hereby, the following condition is a guideline 

Bi~ 0.1 (x8.06) 
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If condition (x8.06) holds, then the thermal behavior of the mirror is dominated by 
convection. The conduction within the mirror body is high compared to the convection at 
the mirror surface, so that the mirror body can be assumed to have a uniform temperature. 
This implies that a lumped-capacitance equation can be used to solve the thermal 
problem. In case condition (x8.06) does not hold, then conduction plays an important role 
in the heat transfer mechanism. Large temperature gradients are present inside the mirror 
body, and convection only helps to dispose of heat directly at the mirror surface. Hereby, 
it is much harder to find accurate results for the thermal behavior of the mirror body. 

In the telescope system proposed in this report, the primary mirror is the largest and most 
intluential optica} component. Therefore, this will be the focus of the thermal analysis. A 
similar approach can be taken for the secondary mirror or any other optica} components. 
The dimensions of the primary mirror are known, therefore V, and A, can be calculated. 

To simplify the analysis, the primary mirror is assumed to be a circular plate with a 
diameter of 300 mm and a uniform thickness of 15 mm. Furthermore, the primary mirror 
is made of Pyrex 7740, which has a thermal conductivity of k = 1.1 W/mK. 

Filling out these values in equation (x8.05), the Biot number for the primary mirror can 
be written as 

Bi= 0.007h" (x8.07) 

This means that if the convection coefficient h, is smaller than 14. 7 W/m 2K, then 

condition (x8.06) is valid and the temperature profile can be calculated. 

For natura} convection in the laminar region on an inclined flat plate the convection 
coefficient h" can be calculated by using the following equation 

k 
h =-a 

(' 

X 
(x8.08) 

where Pr is the Prandtl number for air and ka is the thermal conductivity of air. The 
Rayleigh number Ra is given by 
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Ra= g ( cos0) /J(T, -TJx
3 

va 
(x8.09) 



Here, gis the gravitational acceleration, 0 is the mirror's 
angle of inclination, and x is the coordinate that runs along 
the mirror surface, as shown in figure Ax8.3. 

Furthermore, parameter a is the thermal diffusivity and v is 
the kinematic viscosity of air at temperature T1 , which is 

generally defined as 

minor 
plate 

' 1. 

(x8.10) Figure Ax8.3: Graphical 
representation of an 

inclined flat mirror plate 

(Ts-T a) is the temperature difference between the mirror surf ace and the surrounding 
atmosphere, and for gases ~ is defined as 

(x8.11) 

Hence, the convection coefficient he can be calculated for any difference in temperature 

between the mirror surface and the surrounding atmosphere. Moreover, the mirror 
orientation can be included in the analysis. Figure Ax8.4 shows a graph of the averaged 
convection coefficient as a function of the running variable x, for a mirror surface 
inclined at 45 degrees. The ambient temperature is set to 283 K while the mirror surface 
has a constant temperature of 293 K. This represents a situation where the telescope 
system is taken from indoor storage at room temperature, to a viewing location 
somewhere outside at night. 

average convection coefficient he 
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Figure Ax8.4: Average convection coefficient he as a function of plate distance 
x, Cor an inclined mirror surface at 45 degrees. T a = 283 K and T • = 293 K 
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Figure Ax8.4 yields two graph lines, representing the convection coefficient in the 
laminar and turbulent flow region. The laminar graph line ho Ids for the bottom of the 
mirror plate, where the resulting thermal air flow is still laminar. After a distance x1, the 
flow becomes turbulent, increasing the average convection coefficient. 

Hereby, the Vliet equation, 

Ra= 3 · I 05 exp[0. l 368cos(;r-0)] (x8. l 2) 

can be combined with equation (x8.09) to solve for the transition point x,. 

The graphs in figure Ax8.4 indicate that the convection coefficient has a peak value at the 
bottom of the mirror surface, and then decreases exponentially to the outer end of the 
mirror plate. The average convection coefficient eventually reaches a value of about 3.0 
W/m2K. 

The boundary Iayer thickness caused by natura! convection can be calculated by solving 

( 
4 )
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ö=4.0x Gr (x8.13) 

which accounts for 99% of all temperature and velocity profiles caused by convection. 
Here, Gris the Grashof number, given by 

G r = g cos ( 0) /J ( T,. - r;, ) x 3 

v2 

Solving for (x8.14) and 
combining into equation 
(x8. l 3) yields a resulting 
boundary layer as depicted in 
figure Ax8.5 . Here, the same 
conditions hold as was the case 
in figure Ax8.4. 

Figure Ax8 .5 indicates that the 
boundary layer rapidly 
increases at the bottom of the 
inclined plate. The gradient 
then decreases to a final 
boundary layer thickness at the 
top of the mirror surface of 
ö=21.7 mm. 

This leads to a geometrical 
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Figure Ax8.5: Thermal boundary layer thickness 6, as a 
function of plate distance x, for an inclined mirror surface at 

45 degrees. T0 = 283 K and Ts = 293 K 



wavefront aberration of 

ö' = 220-10-9 m 

Hence, if the telescope system is taken from storage at room temperature to a location 
outside, and the temperature difference is 10 K, the system cannot deliver adequate 
performance due to seeing caused by a thermal boundary layer. lnstead, the telescope 
should be left to adjust to the outside temperature, until the thermal boundary layer is 
small enough to avoid excessive seeing aberrations. This occurs when the boundary layer 
thickness o is equal to 

ö~l.7 mm 

Tuis condition is met only if the rnirror surf ace temperature Ts is within 0.5 Kof the 
ambient temperature T3 • With the help of the Biot number, the time that is necessary for 
the rnirror to reach this temperature can be calculated. 

From equation (x8.05) the Biot number is equal to 

Bi = 0.02 « 0.1 

Therefore a lumped capacitance approach can be used to solve for the temperature 
profile. The temperature of the rnirror body is given by 

(x8.15) 

where Ps and care the density and specific heat of the rnirror material, respectively. 

When T is set equal to 

Toen 

T =J;, +0.5 

T-J;, =0.05 
T,-Ta 

0.9 
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0 
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6 

Equation (x8.15) bas been plotted in a 
graph, as shown in figure Ax8.6. Results 
indicate that the rnirror actually never 
reaches the desired temperature, especially 
when considering that the outside 
temperature will be decreasing e.g. during 
night time. 

Figure Ax8.6: Cooling time for the primary 
mirror, due to natural convection 

137 



Note that the previous analysis was based on natura! convection of an open telescope 
system. For closed telescopes, it is much more difficult to get the system adjusted to the 
outside atmosphere, because of obstructions that limit natura! convection. Therefore, 
these types of telescope require even Jonger temperature adjustment times. 

Also note that the convection analysis has been based on a temperature difference of 10 
K, between the atmosphere and the mirror. For larger temperature differences, the 
required adjustment time is increased. The opposite holds for smaller differences. 

Furthermore, the given results are calculated from a 1-D steady-state thermal analysis, in 
which several assumptions were made. For instance, the convection coefficient has been 
averaged over the mirror surface and air and mirror material constants were assumed to 
be constant. Moreover, the used equations are simplified models and higher order effects 
caused by turbulent air flow or disturbances from outside are not included. In reality, 
results may vary. However, the analysis does provide a fair estimation of the thermal 
behavior of the system components, and should be considered an indication. 
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Appendix Ax8.3 
Forced Convection 

To improve the thermal behavior of the system, forced convection could be considered. 
Forced convection is known to provide a higher convection coefficient, so that the 
required cooling time for the system is reduced. Also, the induced air flow might 
decrease the thermal boundary layer thickness by viscous effects. Therefore, the 
following analysis will be used to examine the effects of forced convection of the primary 
mirror. 

V -------
Ta 

- X 

Figure Ax8.7 shows a situation 
where a laminar stream of air with 
velocity V and temperature Ta 
flows over a mirror surface with 
temperature T5 • The mirror surface 
is assumed to be perfectly flat and 
both temperatures Ta and Ts are 
constant values. Furthermore, in x
direction, the mirror surface bas a 

Figure Ax8.7: Thermal and hydrodynamic boundary 
layer doe to forced convection 

total length L. Laminar flow is achieved over the entire mirror surf ace if the Reynolds 
number, 

(x8.16) 

Given a mirror surf ace length of L = 300 mm and a kinematic viscosity 

v = 15.68 -10--ó m2/s, the maximum allowable air velocity by which the flow remains 
laminar is calculated by 

Re·V 
vmax =--= 26.1 mis 

L 

The larninar flow over the mirror surf ace will create a hydrodynamic boundary layer, as 
depicted in figure f8. l 0. The thickness öh of this lay er is gi ven by 

(x8. l 7) 

where x denotes the distance over the mirror surface and Rex is the local Reynolds 

number atx. 

Vx 
Re=

x V 
(x8.18) 
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Hence, 0, can be written as a function of the surface di stance x, dependent on the air 

velocity V. A graph of this is shown in figure Ax8.8, for several different air velocities. 
As might be expected, results indicate that for higher air velocities, the boundary layer 
thickness is reduced. 
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Figure Ax8.8: Hydrodynamic boundary layer thickness ;;h as a 
function of the surf ace distance x, for different air velocities 

The hydrodynamic boundary layer is caused by viscous effects working between the 
mirror surface and the flowing air. The air outside the boundary layer is flowing with the 
initia! velocity V and at temperature Ta, however the air within the boundary layer is 
relatively stationary and is heated up by the mirror surface. 

Therefore, the thermal boundary layer thickness can be related to the hydrodynamic 
boundary Iayer thickness. This ratio is given by 

(x8. l 9) 

in which ö is the thermal boundary layer thickness as denoted in the previous analysis, 
and Pr is the Prandtl number. The Prandtl number for air is dependent on the local 
temperature. Since the temperature within the thermal boundary layer may vary, the 
Prandtl number should be evaluated at temperature 

T +T T = a s 
f 2 

(x8.20) 

So that equation (x8. l 9) can be rewritten as 

(x8 .2 I) 
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The thermal boundary layer thickness can be used to analyze the local seeing aberration, 
caused by refraction just in front of the mirror surf ace. Hereby is referred back to the 
natural convection analysis case. For a given atmospheric temperature and mirror surface 
temperature, the thermal boundary layer thickness can be calculated. Since the thermal 
boundary layer thickness is related to the hydrodynamic boundary layer, the required air 
velocity can be determined by which the wavefront error caused by seeing lies within the 
geometrical aberration limit E

8 
• 

For an ambient temperature of T,, = 283 K and a mirror surface temperature T, = 293 K, 
the maximum allowable thermal boundary layer thickness was determined to be 

ö:Sl.7 mm 

From equation (x8.21 ), this implies that 

The value calculated for the hydrodynamic boundary layer thickness is an upper value 
that should hold over the entire mirror surface. Rewriting equation (x8. l 7) and filling out 
the value for öh yields 

Re=( 
4:L J =6.2-10' 

Tuis implies that the air flow is on the border of becoming turbulent. The required air 
velocity would be 

Re·V 
V=--=32.7 mis 

L 

Y et, this value may be incorrect since the flow is no longer in the laminar region. The 
conclusion is that given a temperature difference of 10 K, the thermal boundary layer on 
the primary mirror cannot be made small enough to avoid a significant seeing error. 

So far the analysis has only regarded aerodynamic aspects of an air flow over the mirror 
surf ace. The air flow also creates transfer of heat in the form of forced convection. The 
following part will concentrate on the thermal effects on the primary mirror caused by 
forced convection. 

For the system depicted in figure Ax8.7, the corresponding energy equation can be 
written in the form of a Blasius solution [7], which leads to the following expression 

NuL = 0.664Re/2 Pr113 (x8.22) 
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where the average Nusselt number Nul is defined as 

Nu = hLL 
L k 

f 

(x8.23) 

in which ÏÏL is the average convection coefficient over the entire length L of the mirror 

surf ace and k r is the thermal conduction of air. 

Equations (x8.22) and (x8.23) can thus be combined to form an expression for hL as a 

function of the air velocity V. 

(x8.24) 

Figure Ax8.9 plots the resulting graph of ÏÏ,_ as a function of the air velocity V, according 

to equation (x8.24). 

The graph indicates that the average 
convection coefficient is greatly improved 
by increasing the air velocity. This would 
infer that cooling of the primary mirror is 
only a matter of creating an air flow over 
the primary mirror surface. The cooling 
time is then dependent on the air velocity. 
Considering the convection coefficient for 
natura) convection, which was equal to 
3.0 W/m2K, the primary mirror should 
adjust to the ambient temperature 
significantly faster when forced 
convection is applied. 

fo rced convec t1on coeffi c1enl 

10 
a11veloc 11 y lmls] 

15 20 

Figure Ax8.9: A verage convection coefficient hL 
as a function of air velocity V, for forced 

convection on the primary mirror surface 

Yet, condition (x8.06) has stated that the Biot number for the thermal system should be 
low enough for convection to be the dominating factor so that the conductive resistance 
of the mirror material can be neglected. Compared to natura) convection, the 

corresponding maximum convection coefficient ïïLj has to be recalculated for the 
max 

forced convection problem. Hence, while the mirror volume and thermal conductance 
remain the same, the convective surface is decreased to the mirror surface only. The other 
surfaces are not subjected to forced convection, but to natura) convection only, so that 
they must be compensated for. 

Bi =0.007h 

So, then 
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ÏÏ = _Q:.!_ = 14.7 W/m2K 
0.007 

(x8.26) 

In equation (x8.26), h is taken over all convective surf aces of the primary mirror, 
including those that are only affected by natural convection. The maximum convection 
coefficient occurs at the mirror surface, which is cooled by forced convection. 

where Ac and ~ are the surf ace area and convection coefficient where natural convection 

occurs, while AL and ÏÏL contribute to forced convection. Hence, the maximum allowable 

convection coefficient at the mirror surf ace is equal to 

which is the case when the air velocity Vis 
approximately equal to 15 mis. lf condition 
(8.06) holds, then the lumped capacitance 
equation for the primary mirror cooling time 
can be used. Results are shown in figure 
Ax8.10. The graph indicates that if the 
primary mirror is cooled by forced convection, 
corresponding with an air flow of 15 mis, the 
required cooling time is equal to 
approximately 45 minutes. Tuis is a large 
improvement with respect to the case when 
only natural convection occurs. 
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Figure Ax8.10: Cooling time for the primary 
mirror, due to forced convection 

However, if forced convection is applied only to the mirror surf ace, and the other 
surfaces are left subject to natural convection, this implies that a difference in heat 
transfer rate will occur through out the mirror. The result is deformation of the mirror 
body. Similarly, if the air velocity is increased so that the corresponding convection 
coefficient is increased beyond the allowable value, then the thermal behavior of the 
primary mirror is dominated by the conductive resistance of the mirror material. Tuis 
implies that the mirror surf ace may easily be cooled to reduce the thermal boundary layer 
within the desirable limits, but inside the mirror strong temperature gradients will be 
present. 
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Figure Ax8.11: Temperature 
profile for Bi >> 1 

In figure Ax8. l l, this situation is sketched. The mirror 
material cannot keep up with the thermal effects caused by 
convection to the surrounding atmosphere. The core of the 
mirror body may have a temperature significantly higher 
than the cooled surf aces. As a consequence, the mirror will 
deform due to difference in thermal expansion throughout 
the mirror body. 

The differences in thermal expansion will eventually lead to 
deviations in the mirror surface, which degrades the image 
quality. For very large Biot numbers, forced convection 
cooling can even lead to plastic deformation or cracking of 
the mirror body. Hence, rapid cooling of the primary mirror 
should be avoided. 

The Biot number is best kept as low as possible, which means that forced convection 
cooling should be kept toa minimum. Preferably, forced convection should only be used 
to keep the temperature of the optica) components close to the changing atmospheric 
temperature. 

Suppose that at night, the outside temperature drops at a rate of 2 K/hr, then a convection 
coefficient of I 0.0 W/m2K is sufficient to keep the temperature of the primary mirror 
within 0.5 Kof the surrounding atmosphere temperature. According to the graph in figure 
Ax8.9, this corresponds with an air velocity of around 2.0 mis. 
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Appendix Ax9.1 
Baffle Optimization Analysis 

Baffle dimensions are primarily determined by the system configuration parameters, i.e. 
F-number, aperture diameter D, primary focal pointfp, back focal length bfl and size of 
the image plane dim• When these values are given, the baffles can be calculated. Since 
determining the baffle dimensions is quite complex and requires a series of iterative 
geometrical calculations, the process is broken down into smaller parts and explained 
below. 

Image 
plane 

bfl 

Figure Ax9.1: Light paths of the outer most rays 

First of all, the rays at the outer most edge of the aperture are considered. As depicted in 
figure Ax9.1, an on-axis light ray L1 enters the system and reflects off the primary mirror 
to its focal point. A line L3 can be drawn from the center of the image plane to the origin 
of ray L1, located at a distance 

J=FD (x9.01) 

In which Fis the focal number and D is the primary mirror diameter. 

The point P where these lines L1 and L3 cross determines the position of the secondary 
mirror. Point P must lie exactly on the secondary mirror surface. The outer radius of the 
secondary mirror is determined by the off-axis ray L2• As pictured in figure Ax9.1, the 
secondary mirror surf ace runs through P until it reaches L2 in point S. The line L2 
deviates from L1 by an angle a, which determines the field of view of the telescope. After 
reflecting off the primary mirror, L2 reaches the edge of the primary focal plane, which is 
determined by a as well. 

The viewing angle a can be calculated using the desired image plane diameter d;m . 

(x9.02) 
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Where the system focal length f follows from equation (x9.0I ). 

From (x9.02), the radius of the primary focal plane rJi, can be determined 

f t ( ) 
f"d;,,, 

r = an a =--
IP " 2f 

(x9.03) 

Since the secondary mirror is spherical, the mirror surface can be described by circle line 
equations 

x = r, cos(/J) 

y = r, sin (/3) 
(x9.04) 

In which r,. symbolizes the secondary mirror surface radius and /3 is the running angular 

value. Hence, fora given field of view and secondary mirror surface radius, both the 
position and the outer radius of the secondary mirror can be calculated. 

Secondly, the inner rays are considered. Figure Ax9.2 shows a line L4 that represents an 
off-axis ray pointing downward at an angle a, and a line L5 that characterizes an off-axis 
ray pointing upward, again at an angle a. Lines L4 and L5 cross at point T, whose height is 
denoted by D, /2, where D.1 is the diameter of the obstruction caused by the secondary 

mirror unit (including the secondary baffle). Accordingly, T describes the physical edge 
of the obstruction. 

Figure Ax9.2: Light paths of the inner most rays 

Lines L4 and L5 reflect off the primary mirror and are directed towards the top and bottom 
of the primary focal plane, respectively. In figure Ax9.2, the point where L5 hits the 
primary mirror is denoted by U, which determines the maximum allowable primary 
baffle radius. 
Furthermore, a dashed line L6 is drawn from the top of the image plane to point S. This 
line illustrates the reflection of L2 off the secondary mirror to the image plane. The point 
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where 4 crosses Ls is denoted by V and designates the location of the tip of the primary 
baffle. 

The problem can be reduced to four points whose position needs to be determined. The 
lightpaths offigures Ax.9.1 and Ax9.2 have been combined to form figure Ax9.3, the 
reduced geometry for the baffle positions. Note that points S and T both lie on the line L2• 

The line segment ST describes the conical inner surf ace of the secondary baffle. 
Likewise, the primary baffle outer surf ace is described by the line segment UV. 

prlmary 
baffle 

bfl 

secondary 
baffle 

1 
1 
,N 
' g:, 

, prlmary : C 
focal plane ' 

.1 

Figure Ax9.3: Reduced baffle geometry 

To avoid direct stray light on the image plane, a line connecting points Tand V needs to 
run through the opposing edge of the image plane. In figure Ax9.3, this line is denoted by 
L7• Since all light paths L; are straight lines, the describing equations are of the form 

lntersection points between line segments can be 
calculated using 

p = (XiY1 -y1x2HX:i-X4)-(Xi -x2HX:iY4 -y3x4} 

x (Xi -x2)(Y3 -y4}-(y1 -y2)(X:i-X4) 

and 

p = (x1Y1 -y1x2)(Y3 -y4}-(Y1 -y2)(x3y4 -y3x4} 

Y (Xi -x2)(Y3 -y4)-(Y1 -y2)(x3 -x4} 

With X;, Y; and P,, ,Y as indicated in figure Ax9.4. 

Figure Ax9.4: Line-Line intersection 

Furthermore, the primary rnirror surface can be described by the ellipse equation using 
the parameter values as determined in chapter 2, while the secondary rnirror surface can 
be described using (x9.04). This leads toa unique solution for the baffle parameters, for 
each system configuration. Since at the time of writing this report the exact system 
parameters were unknown, the baffle dimensions have been calculated using parametric 
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values. As an example, the calculations have been done for the system values listed in 
table tx9.1. 

Table tx9.l: S~stem earameter values 

S~mbol Value [mm] 
Primary mirror diameter D 300.0 
Primary focal point distance f" 850.9 

Image plane diameter dim 10.12 

Back focal length bfl 203.0 

Secondary mirror surface radius r,. 474.0 

Figures Ax9.5 until Ax9.8 show the resulting baffle dimension graphs for different focal 
ratios. Before discussing the results, it is important to realize that all system parameter 
values from table tx9.1 remain constant, white in practice these values are changed as 
well to suit the optical design . Also, calculations are based on a spherical secondary 
mirror, which makes the result invalid for different types of secondary mirror. A 
spherical mirror might only be useful fora certain range of focal ratios, a consideration 
that has not been taken into account yet. 
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Figure Ax9.5 shows 
that for increasing 
focal ratios the 
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gradient at low focal 
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Figure Ax9.5: Secondary mirror position and diameter for different F
numbers 
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Saffie Dimensions 
400 r----r------.------r-----, - Primary Baffle Length 

Figure Ax9.6 shows a 
graph of the overall 
dimensions of the 
primary and secondary 
baffles for different 
focal ratios. As the focal 
ratio is increased, both 
the primary and 
secondary baffle need to 
be Jonger. Y et, the 
average change in 
primary baffle length is 
bigger, which implies 
that the primary baffle is 
affected most by a 
change in focal ratio. 
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Figure Ax9.6: Primary and secondary baffle dimensions 

number is increased. The corresponding graph lines run almost parallel, implying that 
both dimension parameters are equally affected by the focal ratio. Nonetheless, the 
primary baffle tip radius will always be smaller than the secondary baffle tip radius. 

Notice how the primary baffle length is proportional to the distance between the primary 
and secondary mirror, which is depicted in figure Ax9.5. Similarly, the secondary baffle 
tip radius is proportional to the secondary mirror radius. When comparing the baffle 
lengths with the corresponding tip radius, the results show that they run inversely 
proportional. This indicates that as the focal ratio is increased, the baffles become 
pointier. Looking at the primary baffle radii, the results can be split into three parts. 
Figure Ax9.7 shows the graph lines for the baffle tip, as well as the inner and outer radius 
at the base of the baffle. 

The outer radius of the primary baffle (point U in figure Ax9.3) can be considered as the 
maximum obstruction that is allowed to be present on the primary mirror surface. The 
inner radius represents the size of the centra} hole in the primary mirror, and defines a 
lower boundary for the obstruction on the primary mirror. Subsequently, the base of the 
baffle must be designed within the inner and outer radius depicted in figure Ax9.7. 

The graph shows that for increasing focal ratio, the radial limits for the primary baffle 
base move closer together. Design-technically this can be an issue, considering that the 
primary baffle length is increased while the tip radius is decreased. Regarding the 
stiffness of the baffle tip with respect to the base, as well as the connection between the 
baffle and the correction unit, the mechanica} design will suffer. 
Similarly, the secondary baffle radii are displayed in figure Ax9.8. The results show the 
same tendency as was the case for the primary baffle, for the radius decreases with 
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increasing F-number. However, the secondary mirror diameter drops slightly more than 
the baffle diameter, indicating that the thickness of the baffle increases. Also, this implies 
that for higher focal ratios the available wall thickness in the secondary mirror unit 
increases, which positively influences the design possibilities for the mirror mounting. 
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Figure Ax9.7: Primary baffle radii as a Figure Ax9.8: Secondary baffle radii as a 
function of the F -number function of the F-number 

The baffle equations are listed in an m-file, given in appendix Ax8.2. The m-file makes it 
possible to determine the correct baffle dimensions for any given system configuration. 
The parametric set-up of the script allows calculating the dimensions with a running 
variable, as was done for the results shown in figures Ax9.5 to Ax9.8. The same can be 
done e.g. for the size of the image field or the secondary obstruction diameter. 

Since the actual system configuration is still unknown, the baffle dimensions have been 
calculated for the parameter values listed in table tx9. l and a focal ratio of 

F=l3.3 

The results are calculated 
using MA TLAB, whereas 
the dimensions are 
referenced according to 
figure Ax9.9. 

Note that the lengths of the 
primary and secondary 
baffles are measurements 
from the baffle tips to the 
vertex or apex of their 
corresponding mirrors. 
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Appendix Ax9.2 
Validation of Baffle Calculations 

To validate the baffle calculation results, two criteria that determine an optima} baffle 
design have been analyzed. 

■ Elimination of direct stray light 
■ Preservation of optica} performance 

The first criterion can be validated directly from the boundary condition used in the 
geometrical approach depicted in figure Ax9.3. The line L7 that connects the primary and 
secondary baffle tip runs through the opposing edge of the image field. Therefore, the 
baffles forma physical stop for the stray light, making it impossible to trespass onto the 
image. In case the baffle dimensions were changed so that the gradient of L7 is decreased, 
the result would be a loss of contrast in the image (figure Ax9 .10). 

The second criterion can be validated by analyzing the image field with a vignetting plot. 
Vignetting occurs when light beams emanating from off-axis object points are (partially) 
blocked by extemal objects, in this case the baffles. The resulting image is characterized 
by abrupt or gradually darkened corners, as displayed in figure Ax9.l l. 

TQ 1 11 rit oltlllllGI 
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Figure Ax9.10: Under-dimensioned baffles allow 
trespassing of stray light onto the image, resulting in a loss 

of contrast. A solid step transmission of an object is 
imaged with a sinusoidal intensity 

Figure Ax9.11: Over-dimensioned 
baffles block off-axis object rays, 

resulting in a vignetted image. The 
image edges are gradually darkened 

Zemax offers a possibility to analyze the image field for any vignetting caused by system 
components. The results can be shown in a graph plotting the fraction of unvignetted rays 
reaching the image against the radial position. 

The ideal values from the baffle calculations have been modeled in Zemax, together with 
the original telescope layout. The vignetting plot for the assumedly correct baffle 
dimensions and positioning has been made to serve as a reference. Two of the baffle 
dimension parameters were changed to compare the results. 

First, the primary baffle inner radius is decreased. This can also be interpreted as an 
elongation of the primary baffle length or an increase of the primary baffle outer radius. 
The result will evidently be that a number of off-axis rays will be blocked, assuming that 
the reference situation was correct. 
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The vignetting diagram in figure Ax9.12 indicates that initially there is already a certain 
amount of vignetting present in the system. This is due to the centra) obstruction caused 
by the secondary mirror unit, whose incident rays are also accounted for. 

For an inner radius of r1w; = 12.0 

mm, the vignetting is constant 
throughout the field. When the 
inner radius of the primary 
baffle is decreased, the number 
of unvignetted rays that reaches 
the image decreases. This 
implies that the analytica) results 
calculated by the m-file were 
correct for the primary baffle. 
Since the solution for the 
primary baffle dimensions is 
dependent on the dimensions of 
the secondary baffle, these must 
also be correct. 
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Figure Ax9.12: Vignetting plot for the image, when the 
primary baffle inner radius is decreased 

Furthermore, a similar approach is used for the secondary baffle, explaining the initia) 
vignetting level. Hereby, the secondary baffle outer radius is increased while all other 
parameters are held constant. 

The plot in figure Ax9. l 3 states 
that the image is only slightly 
intluenced by vignetting when 
the secondary baftle outer 
radius is increased. The line 
characteristics stay the same for 
each plot. However, when the 
outer radius is increased, the 
centra! obstruction caused by 
the secondary mirror unit 
becomes larger, thereby 
lowering the overall amount of 
unvignetted rays reaching the 
image. Since the length of the 
secondary baffle remains 
constant, no extra rays were 
blocked. 
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Figure Ax9.13: Vignetting plot for the image, when the 
secondary baffle outer radius is increased 

In conclusion, the proposed method for calculating the baffle dimensions can be 
considered as valid. Both baffle design criteria are met, i.e. elimination of stray light 
while preserving optica) performance. Though no definitive choice is made for the optica! 
configuration of the system, the parametric nature of the script can provide results for any 
optica! design, albeit in a later stage. 
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Appendix Ax9.3 
MA TLAB Algorithm Script for Baffle Calculations 

close all 
clear all 

F 5:0.1: 25; 

fn size(F); 
fn fn (2); 

Dp 2*150.008339; 
Rp 1701.789158; 
Rs 474.012705; 
bfl 203; 
imay 5 . 060182; 
fp Rp / 2; 

BPX []; 
BPY (] ; 
BPI []; 
BPO (]; 

BSX []; 
BSY (] ; 

sxo []; 
TY (]; 

Alpha (]; 

for j=l:fn; 

alpha 
Alpha 

Fx 
Fy 

atan(imay / (F(j) *Dp)); 
[Alpha ; alpha]; 

fp; 
fp*tan(alpha); 

%% BAFFLE LOCATI ONS 
xl O:le-2 : Fx; 
Al (Fy- Dp / 2) / (Fx); 
B1 Dp / 2; 
Ll Al*xl+B1 ; 

%% SECONDARY MIRROR INTERSECTION POINT 
Xl O; 
Yl Dp / 2; 
X2 Fx; 
Y2 0; 
X3 -bfl; 
Y3 O; 
X4 F(j)*Dp-bfl; 
Y4 Dp/ 2; 

Zl Xl*Y2-Yl*X2; 
Z2 X3-X4; 
Z3 Xl-X2; 
Z4 X3*Y4 - Y3*X4; 
Z5 Y3-Y4; 
Z6 Yl-Y2; 

TxO (Zl*Z 2-Z3*Z4) / (Z3*Z5-Z6*Z2); 
TyO (Zl*Z5-Z6*Z4) / (Z3*Z5-Z6*Z2) ; 

%% SECONDARY MIRROR LOCATI ON 
Te 

xsmir 
n 
n 
Smir 

(Tc-Rs) :le-2:TxO; 
size(xsmir); 
n (2); 

(]; 
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for i=l n 
sm r sqrt(RsA2- (xsmir(i )-Tc) A2) ; 
Sm r [Smir;smir] ; 

e nd 

Sx0 Tc -Rs; 

~ ~. SECONDARY M TRROR D 1 AMETER 
Tx Tx0; 
Ty Al*Tx+Bl; 
TY [TY; Ty] ; 

x2 -bf l : le-2 :Tx ; 
A2 (Ty-imay) /( Tx+bfl) ; 
B2 i may +A2*bfl; 
L2 A2*x2+B2 ; 
BPI [BPI ; B2] ; 

Sy Ty : le-2 : (Ty+lS) ; 
A3 (Fy) / (Fx) ; 

n s i ze(Sy) ; 
n n ( 2 ) ; 
Vy [ ]; 

SX [ ]; 

SY ll ; 
ux ll; 
UY ll ; 
Delta ll ; 

f o r i =l : n 
Sx (Sy( i)-Bl) / Al; 
SX [SX ; Sx] ; 
SY [S Y;Sy(i ) - Ty] ; 
B3 Sy ( i)-A3*Sx ; 
Vy [Vy ;B 3 ]; 

A4 (-Fy-B3) / (Fx) ; 
B4 - Fy-A4 *Fx ; 

Xl O; 
Yl B3 ; 
X2 Fx; 
Y2 -Fy ; 
X3 - bf l; 
Y3 imay ; 
X4 Tx; 
Y4 Ty ; 

Zl Xl *Y2-Yl *X2; 
Z2 X3-X4; 
Z3 Xl - X2 ; 
Z4 X3*Y4-Y3*X4; 
zs Y3-Y4 ; 
Z6 Yl-Y2 ; 

Ux ( Zl*Z2 -Z 3*Z4)/(Z3*Z5-Z6*Z2) ; 
ux [UX;Ux] ; 
Uy (Zl *Z5-Z6*Z4) / (Z3 *Z 5-Z6*Z2) ; 
UY [UY;Uy] ; 

AS (Uy +imay ) / (Ux+bfl); 
A6 (Sy(i)+imay ) /(Sx+bfl); 

delta A6-AS; 
De l ta [Delta ;delta J; 

e nd 

Xl O; 
Yl 0 ; 
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X2 10; 
Y2 O; 
X3 SY(l); 
Y3 Delta(!); 
X4 SY(n); 
Y4 Delta(n); 

Zl Xl*Y2-Yl*X2; 
Z2 X3-X4; 
Z3 Xl-X2; 
Z4 X3*Y4-Y3*X4; 
Z5 Y3-Y4; 
Z6 Yl-Y2; 

Dy (Zl*Z5-Z6*Z4)/(Z3*Z5-Z6*Z2); 

Bsy (Zl*Z2-Z3*Z4)/(Z3*Z5-Z6*Z2); 
Bsx ((Bsy+Ty)-B1)/Al; 

Xl -bfl; 
Yl irnay; 
X2 Tx; 
Y2 Ty; 
X3 -bfl; 
Y3 -irnay; 
X4 Bsx; 
Y4 Bsy+Ty; 

Zl Xl*Y2-Yl*X2; 
Z2 X3-X4; 
Z3 Xl-X2; 
Z4 X3*Y4-Y3*X4; 
Z5 Y3-Y4; 
Z6 Yl-Y2; 

Bpx (Zl*Z2-Z3*Z4)/(Z3*Z5-Z6*Z2); 
BPX [BPX;Bpx); 
Bpy (Zl*Z5-Z6*Z4)/(Z3*Z5-Z6*Z2); 
BPY [BPY;Bpy); 

Bsx Sx0-(((Bsy+Ty)-B1)/Al); 
BSX [BSX;Bsx); 
Bsy Bsy+Ty; 
BSY [BSY;Bsy); 

SX0 [SX0;Sx0J; 

Bpo Bpy-((-Fy-Bpy)/(Fx))*Bpx; 
BPO [BPO;Bpo); 

end 

%% FIGURES 
figure(2) 
plot(F,BPX) 
hold on 
plot(F,BSY, ' c ') 
plot(F,BPY, ' k ') 
plot (F, BSX, ' r ') 
title(' Baffle Dirnensions ') 
xlabel(' Focal Nurnber [- ) ') 
ylabel( 'Dirnension [mm) ') 
legend(' Prirnary Baffle Le ngth ', ' Secondary Baff l e Ti p Radius ', ' Prirnary Baffle Tip 
Radius ', ' Secondary Baffle Length ') 
grid on 
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f igu re(3) 
plot(F , BP X) 
hold o n 
plot(F , BSX, ' k ' ) 
title( ' Baffle Lengt h s ' ) 
xlabel ( ' Foc a l Nu rnber 1- 1 ' ) 
y l abel ( ' Le ngt h [rnrnl ' ) 
legen d ( ' Prirnary Baffle Lengt h ' , ' Sec ondary Ba ffle Length ' , 2) 
gr i d o n 

figure (4) 
plot(F,BPO) 
ho l d o n 
plot (F, BPY , ' k ' ) 
plot( F, BPI , ' r ' ) 
t i tle( ' P rirnary Baffle Radii ' ) 
xlabe l ( ' Foca 1 Nu rn ber [ - ] ' ) 
ylabel ( ' Di rne n s i o n 1mm] ' ) 
l egend ( ' Baff l e Oute r Rad i us ' , ' Ba f f l e Bas e T i p Radiu s ' , ' Baffle Base Inner Radiu s ' ) 
grid o n 

figure(5 ) 
p l ot(F , BSY) 
hold o n 
plot(F , TY, ' k ' ) 
title ( ' Se co nd ary Ba ffl e Radii ' ) 
xlabel ( ' Foc a 1 Nurnbe r 1 - ] ' ) 
ylabel( ' Dirne nsi o n [ rnrn j ' ) 
legend( ' Se condary Baffle Tip Radius ' , ' Se conda r y Mirror Ra di u s ' ) 
grid o n 

figure(6) 
plot(F , SX0 ) 
hold o n 
p lot (F , 2* TY , ' k ' ) 

tit l e( ' Sy s t e rn Pr o pe r t ie s ' ) 
x l abe l ( ' Foc a 1 Nu rn ber [ - ] ' ) 
ylabel ( ' Di rnens i o n 1mm] ' ) 
legen d ( ' Pr i rnary to Second a r y Di stance ' , ' Seco nda r y Di a me t er ' , 2) 

grid o n 
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Appendix AxlO 
Cross-flow Fan Specifications 

MINI-CROSSFLOW BLOWER (FAN) 

Model 

General Specifications 
Life Expectancy >50k hrs at 25°C, humidity 65% 
Brushless Motor UlJCUL/CE 
Operation Temperature -10°c ~ +70°C 
Storage Temperature -4o0c ~ +75°C 
Material Black PBT Glass Filled 
Lead Type A WG#28(140mm long) 
Weight 0.5 oz~0.9 oz 
RoHS Yes 

Air Flow Volts Current Power Speed Air Flow Noise 
Level Bearlng (V) (A) (W) (RPM) (CFM) (dBA) 

Weight 
(Grams) 

14 

Specifications subject to change without notice. 

Mechanical Specifications (mm) 
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Appendix Axll 
Feather Touch Focuser Specifications 

DTLength 
2.95" 174.93mm 

Focuser Housing / Base 
2.75" 169.85mm OD NTAange 

Draw Tube Travel 
1.6" 140.64mm 

Racked In from Mounting Face 
1.405" 1 35.687mm 

Racked Out from Mounting Face 
3.005" 1 76.327mm 

Racked In Draw Tube Below Mounting 
Face 
1.52" 1 38.56mm 

Diameter at Back Side (Eye Piece) of 
Draw Tube 
2.020" 151.31mm 

f EATHER T oucH• 2.0" f OCUSER 

STAALtGKrlNSTMJMINTS.COM 

Thread on Entry (OTA I FRONT) Side of Draw Tube 
Female 52 x 0.75mm ( ~2.0" diameter) 

Draw Tube Drive Mechanism 
Crayford Type Friction Drive 

Draw Tube Drive Material 
Steel on Steel 

Draw Tube Linear Bearing Style 
Dovetail-Ball Hearing 

Draw Tube Linear Bearing Material 
Steel on Steel 

Reduction Unit Type 
2.0 Inch Planetary Drive 

Reduction Ratio 
10.25: 1 (Approximately) 

Travel per Pinion Revolution 
0.785" 119.94mm 

Lifting Capacity 
7lbl3175g 

Travel per Fine Focus Knob 
0.077" 1 1.960mm 
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Appendix Ax12 
Airline Restrictions for Carry-on Baggage 

Flight Company Class 

British Airways All 

Alitalia All 

Lufthansa Business 

Economy 

German Wings All 

USAirways All 

Japan Air All 

23 

5 

8 

8 

8 

10 

560 

550 

550 

550 

550 

660 

550 

450 

350 

400 

400 

400 

350 

400 

250 

250 

200 

200 

200 

280 

250 

Remarks 

Two pieces (same 
size) 

L+W+H=1290 

L+W+H=ll50 
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