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Foreword

Every antenna, even those restricted to nighttime operation, is subject to thermal distortion.
The greater the degree of surface precision demanded, the greater the relative importance
of these distortions. Here again, the usual approximations are likely to be inadequate, and
a computer analysis may be necessary. The choice of configuration of the antenna struc-
ture should minimize distortions due to temperature differentials in the structure and to
changes in the ambient temperature. Consideration should be given to the use of reflective
paints, and (for enclosed antennas) to environmental control. Lightweight insulation may
be applied in some cases.

H. Simpson (1964)

Four hundred years ago, in 1609, Galileo used an optical telescope to observe
the night sky. He saw objects and studied phenomena none had ever seen before.
His discoveries mark the beginning of a new era in astronomy that is on the one
hand the oldest science, and on the other the one which benefits most from modern
technological breakthroughs. Recent examples are the fascinating discoveries made
with modern optical telescopes like the Hubble Space Telescope, the ESO Very
Large Telescope in Chile and a number of 8 to 10 metre telescopes on Hawaii. Radio
astronomy, which exploits the second ‘window’ of the Earth’s atmosphere through
which we can observe and study cosmic phenomena, has had since its beginning a
similarly revolutionary impact on our picture of the Universe.

The first evidence of cosmic radio signals was found accidentally more than 75
years ago when Karl Jansky detected with his communication antenna unexpected
‘noise signals’ and recognised that they must originate outside the Earth’s atmo-
sphere. Only a few years later, Grote Reber built the first dedicated radio telescope,
a parabolic reflector of 10 metre diameter equipped with a receiver for 1.9 metre
wavelength. In the short space of time, from this first prototype to todays radio tele-
scopes, incredible developments have taken place driven by the wish to detect ever
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vi Foreword

fainter signals, to extend the observations from the longest to the shortest wave-
lengths observable from the ground, and by the need to increase the angular res-
olution of radio telescopes by making the single aperture telescopes larger and by
constructing multi-element radio interferometers. Today, radio astronomy exploits
the entire radio window of the Earth’s atmosphere from the microwave region to
wavelengths of tens of metres. The ambitious goals of modern radio astronomy
pose special challenges to the conceptual design and the construction of the current
and future generation of radio telescopes.

Radio astronomy plays a significant role in the study of the Universe. During the
early years of radio astronomy one focus was on the non-thermal continuum emis-
sion from relativistic electrons that interact with cosmic magnetic fields and emit
radiation like the electrons in a synchrotron particle accelerator. Synchrotron radia-
tion is emitted by our own Galaxy and many other galaxies, some of which, the so
called radio–galaxies, are particularly bright. Another focus was on the observation
(from on 1951) of the hyper-finestructure line of atomic hydrogen at a wavelength
of 21 cm. Hydrogen is the most abundant element in the Universe and the observ-
ability of this line was predicted in the 1940s. The line carries information about
the physical state of hydrogen in our own Galaxy and in different parts of the Uni-
verse, and by measuring its radial velocity shift with respect to the rest wavelength it
also allows to derive kinematical information and from this, together with a galaxy
model, structural information. As a result, the first three-dimensional model of our
own Galaxy was constructed.

With the extension of observations to shorter wavelengths, five other emission
processes became observable, namely (1) the free-free emission from thermal elec-
trons in ionised regions around hot young stars, (2) the recombination lines that are
emitted when ionised hydrogen atoms capture free electrons and become neutral,
(3) the cosmic microwave background radiation as a relic from the ‘big bang’, (4)
the rotational lines from a multitude of molecules that exist in space, in particular
in star forming regions, but more generally in ‘cold’ parts of the Universe where the
temperature is only tens to a few hundred degrees above absolute zero. This is the
temperature range in which (5) cold dust particles emit strongly by re-radiating en-
ergy originally produced at much shorter wavelengths of the optical and ultraviolet
domain, but which is strongly absorbed by the dust.

These examples suffice to explain why radio astronomy has made many impres-
sive discoveries since its beginning more than 50 years ago and why much effort
has been spent by scientists, engineers and technicians to build ever more pow-
erful telescopes, and more sensitive receivers and spectral backends that allow to
analyse cosmic radio signals in great detail. With projects like the Atacama Large
Millimeter Array (ALMA) the field will see another giant step forward at the short-
est wavelengths accessible from the ground, and with the Square Kilometer Array
(SKA) that is currently in its conceptual design phase another step forward will be
made at the long wavelength end of the radio window.

The present book is about radio telescopes, and more specifically about their ther-
mal design and behaviour and that of their enclosures where it applies. In addition
to gravity that influences the shape and possible deformations of large mechanical
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structures, the response to environmental influences determines the quality of a ra-
dio telescope. Among these, thermal influences caused by varying solar irradiation,
by day-to-night temperature changes and by seasonal variations are the most severe
factors, together with strong and time-variable wind loads, that can occur.

The authors belong to the small group of scientific experts who have focused
on the theoretical and practical treatment of thermal influences on modern radio
telescopes and their enclosures. They have developed and applied techniques that
allow to model a telescope structure with all its major components under the influ-
ence of realistic environmental conditions. From these computer models they are
able to predict the response of a telescope to changing environmental conditions.
This helps to check in advance whether a given design concept will meet the spec-
ifications within the tolerances that allow to carry out the observations for which a
telescope is built.

The authors’ approach is unique by combining theoretical and modelling con-
cepts with a large collection of relevant telescope data, in particular a large amount
of temperature measurements from existing telescopes. A full chapter is devoted
to the measured thermal behaviour of radio telescopes and the authors illustrate in
very practical terms how much the modelling helps to predict the actual thermal
behaviour both at component and at system level and how far model calculations
can help to understand the observed phenomena. The detailed discussion is based
on a unique database that the authors have been able to compile because of their
involvement in many different projects. Such information is usually very difficult to
find because it tends to be hidden in internal technical reports, produced either in
institutes or in industry.

The insight that the reader can gain from this comprehensive approach to the ther-
mal design and thermal behaviour of radio telescopes will benefit the scientist and
the engineer, both in academia and in industry, who think about the next generation
facilities. At the beginning there must always be a set of clearly defined scientific
goals that cannot be reached with any of the existing facilities, and that are consid-
ered to be of fundamental importance both by the scientific community and by the
potential funding agencies. The top priority science goals can be translated into a set
of scientific requirements (e.g. wavelength range to be covered, sensitivity limit to
be reached, angular resolution to be achieved etc.) which in turn are translated into
technical specifications for which the new facility must be designed. These critical
performance criteria ultimately determine the design concepts, the choice of mate-
rials, the location where the new facility will be operated etc. and, last but not least,
the total cost. The better the interdependence between these parameters is under-
stood – and thermal behaviour is among these aspects – the more realistic can a new
facility be planned, costed and built.

In addition, the insight that the reader can gain from this study of thermal design
and behaviour of radio telescopes will benefit scientists and operators of existing fa-
cilities. Many, if not all, of the radio telescopes that are currently in operation under-
went significant improvements beyond their original specifications during the years
that followed their commissioning. This is due to a long-term monitoring of the
mechanical performance and the reactions to the actual environmental conditions,
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and a better understanding of the reasons for change. In many places this is a con-
tinuous effort that is, of course, not limited to the telescope but includes other com-
ponents like receivers and backends as well.

The methods described in this book and illustrated with specific examples, and
the thermal data that have been collected, are primarily orientated towards radio
telescopes. They are, however, also of interest for the design and construction of
deep space communication antennas, and even for the design and construction of
current generation large and next generation extremely large optical telescopes and
their enclosures. Scientists and engineers involved in these projects will, in my view,
also benefit from the material that the authors have collected and well documented
in this book.

Michael Grewing
St.Martin d’Hères, March 2009



Preface

The success of radio astronomy – especially microwave radio astronomy – and the
possibility of communicating with spacecrafts far away in the planetary system is
among others due to the construction of radio telescopes and antennas1 with good
beam quality and pointing stability. The design and construction of telescopes has to
consider and to suppress, as far as possible, the degrading effect of gravity, temper-
ature and wind. Gravity is a quasi–static force that can be handled exactly in finite
element calculations and considered correctly in the construction and operation of a
telescope. The influence of gravity does usually not involve a loss in observing time,
although perhaps causing some unavoidable degradation of telescope performance
as for instance experienced in the gain elevation dependence of a radio telescope.
Through contact with the thermal environment a telescope is influenced by tem-
perature changes that may result in thermal deformations of the structural compo-
nents. Thermal deformations can be calculated with good precision and sometimes
compensated in the case the instantaneous temperature distribution throughout the
telescope structure is known from measurements or calculations. However, in prac-
tice this is usually not the case and direct measures of thermal control are taken
through application of white paint, insulation and in some cases ventilation and cli-
matisation. This may help to a large extent although a full thermal control is seldom
achieved, especially for open–air telescopes. In several cases this has led to radome
or astrodome enclosed radio telescopes. There seems to occur, generally, some loss
in observing time due to a telescope’s uncontrolled thermal behaviour. An open–air
telescope (or even a ventilated telescope in a radome) is in addition exposed to wind
forces. While the effect of simulated wind loads can be predicted with good success
from finite element calculations, a real time control of wind influences has hardly
been tried. Dependent on the characteristics of the observatory site, the loss in ob-
serving time due to wind can therefore be high. Finally, the influences of gravity,
temperature and wind must be compared to the variability of the atmosphere that is

1 Astronomy uses the term radio telescope, communication technology the term antenna. The
construction of radio telescopes and communication antennas is similar. From our background and
the presented examples we speak about radio telescopes, without preference for one or the other
term.
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today beyond active control in single–dish radio observations. The table summarizes
these effects.

Forces acting on a Telescope (and Enclosure).
Influence/ Time Variability Components Loss of
Force Observing Time

Gravity quasi–static gravity negligible
Temperature slow air, wind, sun, sky, ground some

1/4 – 3 h & internal heat source
Wind & Gusts fast, 1/10 – 10 s ambient air important

Atmosphere fast temperature, H2O vapour, (dominant)
clouds, precipitation

A large variety of telescope constructions exists, ranging from the earlier long–
wavelength dipole and meshwire telescopes to modern high precision reflector tele-
scopes for centimetre, millimetre and sub–millimetre wavelength observations. The
desired performance of a radio telescope is calculated from electromagnetic diffrac-
tion theory, the actual performance of a radio telescope under gravity, temperature
and wind is a matter of design and construction, based on experience and calcula-
tions. Central in the study of the thermal behaviour of a telescope, and of the pro-
tecting enclosure, is the question of the temperature of telescope components, as a
function of time, and of the associated structural deformations. Temperature induced
deformations of the telescope may lead to a transient performance degradation with
a focus and pointing error and a decrease in sensitivity.

The text deals with full aperture reflector radio telescopes and antennas, of which
examples are shown in Chapter 1. Full aperture telescopes for observations at cen-
timetre, millimetre and sub–millimetre wavelengths (λ ) require a reflector surface
precision of σ <∼ λ /16 (root mean square value), i.e. of approximately 0.02 to
1 mm, and a focus and pointing stability of ∼λ /10 and∼ 1/10 of the beam width, i.e.
between approximately 10 to 1 arcsecond. A connected radio interferometer, which
consists of several telescopes observing together, needs in addition a phase stability
and hence a mechanical stability of a few λ /10, at least in between calibrations. By
taking proper considerations in the design, these fundamental specifications must
be realized in the integrated telescope structure. Von Hoerner [1967 a, 1977 a] es-
timated the limitations in reflector diameter (D) and reflector quality (D/σ ) when
affected by elastic deformations due to gravity, temperature and wind. A summary
of centimetre– and mm–wavelength telescopes with respect to structural limitations
of stress (mass) and temperature induced deformations is shown in the von Hoerner–
diagram. With respect to the behaviour of short wavelength radio telescopes, the sit-
uation displayed here illustrates the necessity to reduce the influence of the ambient
thermal environment.

Ideally, a radio telescope should maintain a uniform temperature in the vari-
able ambient thermal environment. However, depending on the affordable technical
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Von Hoerner–diagram. Telescope quality D/σ (D = reflector diameter, σ = surface precision,
rms value) and natural limits of gravity and thermal effects, for mm – wavelength (•) and cm–
wavelength telescopes (◦). The lines labelled 1 mm and 4 mm show the relation λ min = 16 σ . For
the limiting relations see von Hoerner [1967 a, 1977 a] and Baars [2007]. G = GBT telescope, E =
Effelsberg telescope.

efforts and costs, this condition can be realized only within certain limits. Tolerable
departures from temperature uniformity, expressed for instance as the root–mean–
square value (rms) of temperature fluctuations or tolerable thermal gradients across
the telescope structure, can be estimated from structural finite element calculations.
Such calculations and the known thermal behaviour of existing telescopes define
the necessity and the design parameters of a thermal control system. The thermal
uniformity and structural stability of a telescope may need to be realized by either
passive thermal control consisting of a choice of materials, paint and insulation or
in addition active thermal control employing ventilation and/or climatisation (with
heated or cooled ventilating air). Some mm–wavelength radio telescopes, in partic-
ular those of the earlier generation built from aluminium, are protected by a radome
(or astrodome) with a stable internal thermal environment.

The text contains four main topics, i.e. the Basics of Heat Transfer, Thermal
Model Calculations, the Thermal Environment and a Collection of Temperature
Measurements of telescope structures. It summarizes the progress in thermal en-
gineering and thermal calculations, including the testing phase of the ALMA proto-
type telescopes in 2005, and is meant to be a sketch of the established state of the
art at the time of its publication. The design of other large telescope projects is not
yet reported in detail.

Heat Transfer Relations. The thermal state of a telescope is determined by heat
transfer between its components, the enclosure and the environment. Heat transfer
occurs by conduction, convection and radiation. The relevant physical relations are
explained in many textbooks, either on the basis of fundamental physics or engineer-
ing purposes. With the exception of relatively simple structures of plates and tubes
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that can be treated in analytic form for the fundamental processes, the application of
the basic relations to large and complex structures like telescopes and enclosures can
become very difficult and not treatable in analytic form because of the many inter-
connected components, complicated geometrical shapes, natural and forced air flow
and complex radiation fields. The text explains the modes of heat transfer as neces-
sary for the understanding and modelling of the thermal behaviour of telescopes and
their enclosures. This includes, for instance, heat transfer through plates and hon-
eycomb structures as used for reflector panels and walls of enclosures; relations of
convective and radiative heat transfer in tube and plate networks as used in reflec-
tor backup structures; ventilation and climatisation systems of backup structures,
quadripods, focus cabins and fork supports. These relations include the connection
of the telescope and enclosure to the time variable thermal environment with wind
induced convection, radiative connection of the telescope and enclosure to the cool
sky and the warm ground, and the influence of solar radiation.

Thermal Model Calculations. Thermal model calculations can today be made with
good precision, allowing detailed exploratory numerical studies. A significant part
of a thermal study occurs during the design of a telescope and enclosure. At that time
thermal model calculations are made with the intention of deriving representative
temperatures of the telescope and enclosure components. From these calculations
a prediction can be made of temperature induced structural deformations and com-
pared with the performance specifications. If necessary, in these model calculations
passive/active thermal control is studied and modified until the performance criteria
are fulfilled. This may lead to the design of insulation and ventilation systems.
Several thermal models are explained in the text. The models refer to structures
of increasing complexity, i.e. of increasing mass and increasing surface area, thus
requiring an increasing number of thermal nodes.

The Thermal Environment. A telescope interacts with the local thermal environ-
ment, unless the influence of the environment is reduced or nearly eliminated by
an enclosure, a radome or an astrodome. Each local environment has its own char-
acteristics that can be taken from meteorological data or must be determined from
site tests. The characteristics of the environment are taken into account in the de-
sign and operation of a telescope and its enclosure. From the large variety of local
conditions a selection is made in the text of a low altitude, grassland and forested
site (Effelsberg, Germany), of a mountain site (Plateau de Bure, France, and Pico
Veleta, Spain) and of a high altitude desert mountain site (Chajnantor, Chile). From
the meteorological data several statistical parameters can be derived that define the
thermal specifications for design and operation of a telescope and enclosure, either
under normal operation conditions or extreme conditions of survival.

Temperature Measurements and Data Sources. Before starting a thermal design,
it is helpful to have some knowledge of the actual thermal behaviour of existing
telescopes and enclosures and of the thermal environment in which the telescopes
operate. Observatory reports containing a large amount of data are occasionally
published, some information is found on the internet. The reports provide valu-
able guidelines for the design, installation, operation and improvement of thermal
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equipment, but also recordings of temperatures of telescopes that can be used as
basic test data for model calculations of telescope structures. Another source of in-
formation exists with the construction firms. This information is often not available
and sometimes classified because of proprietary rights. The text collects representa-
tive data, as far as accessible, on thermal conditions at observatory sites and on the
thermal behaviour of existing telescopes and their enclosures. The collected data are
necessarily incomplete and may provide only a limited view of a telescope’s thermal
behaviour.

Although the text concentrates on radio telescopes for astronomical research, the
design and construction and hence the thermal behaviour of Communication and
Deep Space antennas is rather similar. Communication and Deep Space antennas
can be open–air antennas or radome enclosed antennas. The main difference is the
longer wavelength of operation compared to millimetre and sub–mm telescopes and
a comparably lower required structural precision and stability.

Literature
The theory of heat transfer, either from the perspective of fundamental physics or
engineering application, is published in many textbooks. There are several publica-
tions on the measured thermal behaviour of telescope structures and on correspond-
ing model calculations of their static or time–dependent dynamic thermal behaviour.
The publications are scattered throughout many journals and often inaccessible ob-
servatory reports; the major accessible publications are mentioned. To our knowl-
edge, the only textbook on Climatic Influences on Antenna Systems was published
by Bairamov et al. [1988, in Russian]; an English translation is not available. A sum-
mary of environmental effects on optical telescopes and enclosures was published
by Wilson [1999] in Reflecting Telescope Optics II.

Albert Greve and Michael Bremer
July 2009
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