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ABSTRACT
The Hartebeesthoek Radio Astronomy Observatory (HartRAO) of South Africa is

currently developing a Lunar Laser Ranger (LLR) system based on a 1-metre aperture telescope
in collaboration with the National Aeronautics and Space Administration (NASA) and the
Observatoire de la Céte d'Azur (OCA). This LLR will be an addition to a small number of
operating LLR stations globally and it is expected to achieve sub-centimetre range precision to
the Moon. Key to this achievement, requires thermal analysis of the composite telescope
structure, based on thermal properties of the telescope component materials and their
interaction with the environment through conventional heat transfer mechanisms. This analysis
includes a thermal monitoring system that will feed temperature measurements to a model that
will assist the steering and pointing software of the telescope in order to minimize tracking
errors. In particular, no study has been reported previously on the thermal behaviour and related
structural changes coupled with displacements of the HartRAO LLR composite structure with
respect to ambient air temperature at the observatory site. Furthermore, a prototype pointing
and steering software package developed for the HartRAO LLR, has so far only been tested on
a 125 mm dual refractor testbed telescope (under room temperature conditions) and achieved
root mean squared error values at the 0.5 arcsecond level. The extent of variation of the
achieved error values is currently not known, particularly when the pointing model will be
tested on the actual LLR telescope, which will be exposed to the varying thermal environment

during operation.

Therefore, in this study the thermal behaviour and related distortion dynamics of the
HartRAO LLR telescope composite structure were modelled for possible adverse impact on
pointing. Key findings of this research study were that the thermal response time varies per
LLR telescope material component, primarily due to their respective thermal properties. The
spider assembly and outer tube surface had the largest range of thermal variations, and thus
were identified as the main areas on the telescope where most thermal variations can be
expected. However, the primary mirror surface including its mount as well as the fork assembly
had the lowest range of thermal variations. The total deformations of the tube assembly were
found to be in the range 2.9 pm to 40.7 um from night (00h00) until approximately midday
(11h30). The primary mirror had virtually zero localised deformations due to its resistance
against temperature change. The LLR thermal dynamic model was proposed and several test
results of the proposed model were presented which covered the placement of RTD sensors on



thermally-important areas of the tube structure; measurement and interpolation of the optical
tube temperatures; and tube displacements due to assumed thermal deformations were reported
using a laser distance-measurement system. In particular, the smallest variations in relative
displacements of the tube were found to be 0.418 mm (east), 0.512 mm (north) and 0.670 mm
(height) whereas, the largest variations were 0.523 mm (east), 0.691 mm (north) and 0.751 mm
(height) during the time period considered. This period was characterized by ambient
temperatures that varied between 11.20 °C and 29.90 °C and corresponding tube temperatures
that varied between 13.75 °C and 33.84 °C.

This information constitutes an important input for guiding the efforts to determine the
amount of correction needed to be fed into the LLR telescope pointing model to counteract
expected thermally-induced pointing offsets. Overall these results are a step towards the
development of a real-time thermal monitoring system for the HartRAO LLR telescope, which
is imperative in maximizing the pointing accuracy of the telescope, thereby increasing the
chance of being on-target with the retroreflectors located on the lunar surface. Efforts to
maximize pointing accuracy for the HartRAO LLR would support the global effort of high-
accuracy laser ranging, which currently provides millimetre precision. Lastly, these findings
have significant implications in exploring strategies and options for developing thermal

dynamic models and monitoring systems for current and future LLR optical telescopes.
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Chapter 1: Introduction

1.1. Brief background

One of the key considerations for the scientific performance of a ground-based telescope,
is thermal analysis of the telescope composite structure and associated optics based on the
thermal properties of its component materials and interaction with the varying local climatic
environment (Mittag et al., 2008; Zheng et al., 2012; Tsela et al., 2016a; Wang et al., 2018). It
is an experimental fact that classical telescopes built from materials such as aluminium alloys
and steel are subject to varying dimensional changes due to temperature variation (Bely, 2003,
Mittag et al., 2008; Murphy Jr et al., 2008; Pisanu et al., 2010; Vogiatzis et al., 2014). Thus, a
thorough understanding of the thermal environment of the telescope observatory site,
properties of the telescope component materials and system performance requirements could
be essential for determining appropriate modeling procedures and mitigation strategies for the
temperature variations, which are capable of inducing structural deformations and
displacements of critical optical components of the telescope. In addition, temperature
variations (also referred to as thermal variations in this study) have also been shown to have a
consequent effect on the overall pointing error, especially of unhoused or open-air telescopes
(Baars et al., 1988; Enard et al., 1996; Ukita, 1999; Greve and MacLeod, 2001; Shinnaga et al.,
2004; Wresnik et al., 2007; Mittag et al., 2008; Cho et al., 2010; Pisanu et al., 2010; Vogiatzis,
2010).

In many realistic situations, the thermal state of an operating open-air ground-based
telescope varies with time mainly due to the underlying heat transfer mechanisms that take
place within the individual component materials, and also between the overall telescope body
and its surrounding climatic conditions (Enard et al., 1996; Bely, 2003, Greve and Bremer,
2010). In particular, heat transfer by conduction, convection and radiation are the three key
processes that normally take place simultaneously on an open-air telescope, and as a result,
ought to be investigated in-order to: (i) understand their extent of influence on the specified
operational temperature range of critical components for example, optics, detectors and
supporting structure, and (ii) obtain precise parametric information that could aid development
of robust thermal control models for predicting and mitigating their overall effect on the

telescope’s scientific performance; at least on optical and pointing accuracy requirements.



Several studies have widely demonstrated that constraining the thermal effects arising
from heat transfer mechanisms by solely relying on passive control measures such as, coating
and insulating the telescope component materials, may not yield desirable results (i.e. timely
self-adjustment of the link lengths between the primary and secondary mirrors, mirror
curvature changes and deformed structure) under extreme and rapid ambient climatic changes
for example Ukita (1999). However, one of the recommended passive control measures is to
design an adjustable telescope truss structure comprising diverse combinations of near-zero
coefficient of thermal expansion material components (Atwood and O'Brien, 2003; Bely,
2003).

Alternatively, active thermal control measures have by far proven to be reliable in
providing detailed (real-time) temperature monitoring and modeling of thermally-induced
pointing errors. The measures entail installation of several temperature sensors on strategically
identified locations throughout the telescope’s critical components. Temperature
measurements are acquired and subsequently analyzed for (i) monitoring of thermal variations
and consequent deformations of the telescope composite structure, (ii) estimating the
magnitude of thermally-induced displacements of critical components, so as to determine the
amount of correction necessary to counteract thermally-induced pointing offsets, and/ or (iii)
guiding the development of a robust thermal model for mitigating the thermal variations of the
critical telescope elements (such as the tube and mirrors) to counteract thermal pointing errors
(Ukita, 1999; Bremer and Penalver, 2002; Greve et al., 2005; Mittag et al., 2008; Murphy Jr et
al., 2008; Greve and Kaercher, 2009; Pisanu et al., 2010; Tsela et al., 2016b).

Furthermore, the coupling of acquired temperature measurements with observations from
inclinometers and laser distance-measurement systems have also shown the potential to
determine structural displacements based on varying amounts of the incident beam drift (Hu et
al., 2015; Cui et al., 2015; Cui et al., 2016) and correlations between the antenna pointing errors
and thermally-induced deformations on selected structural components of the telescope (Pisanu
et al., 2010). In overall, these studies confirm to a reasonable degree that thermal modeling,
particularly for an open-air ground-based telescope may be necessary which ought to take into
account the telescope’s structural design, thermal properties of the component materials and

site-specific varying climatic factors.



1.1.1. Brief overview of the laser ranging concept

In principle, laser ranging refers to the firing of ultrashort pulses of light from a source
fixed at a particular location to a cube retroreflector mounted on a distant entity. In space
geodesy, laser ranging is a technique used for acquiring accurate distance measurements
between a particular Earth-based reference station and a fixed reference point (retroreflector
arrays) on an orbiting satellite or the Moon surface (Figure 1). The main basic tools used in
space geodesy for acquiring accurate distance measurements are widely known as Satellite
Laser Ranging (SLR) and Lunar Laser Ranging (LLR). In particular, these tools make use of:
(1) ultrashort laser pulses for ranging to the retroreflector arrays, (ii) optical receivers and
photon detectors to record the light photons returned to the laser ranging station, and (iii) timing
systems to measure the round-trip travel time of the laser pulses from the ground-based station
to the optical retroreflectors on an orbiting satellite or the surface of the Moon (Bender et al.,
1973; Seeber, 2008; Pearlman et al., 2019). This laser ranging concept is expanded upon further
in Chapter 2.
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Figure 1: Simplified illustration of the laser ranging concept (source: Pearlman et al., 2019)



1.1.2. Overview of the International Laser Ranging Service

The International Laser Ranging Service (ILRS) was established in July 1999 by the
International Association of Geodesy (IAG) with the aim of coordinating satellite and lunar
ranging measurements, and ensuring successful delivery of geodetic data to a global user
community (Pearlman et al., 2019). These measurements are coordinated through for example,
network operations between stations, data archiving, access to data and analysis of data. As a
result, the coordination of global satellite and lunar ranging data is key for generating a wide
range of geodetic products, which are used to accurately maintain the International Terrestrial
Reference Frame (ITRF) (Altamimi et al., 2016).
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Figure 2: The current International Laser Ranging Service (ILRS) network. The network show
stations (green symbols) that contribute to the ILRS operationally, as well as those stations
(yellow symbols) that are under development. The green circled stations denote stations that
currently contribute to the reference frame analysis (source: Pearlman et al., 2019).

The ILRS consists of a number of operational components which are fundamental to
achieving its aim. The operational components include: (i) Observing stations, (ii) Operations
Centres (OCs), (iii) Data Centres (DCs), (iv) Analysis Centres (ACs), (v) Central Bureau, and
the (vi) Governing Board. For example, the observing stations approved as part of the ILRS
network (Figure 2) are expected to adhere to the established set of procedures for ranging to
the retroreflectors on the satellites and Moon. Additionally, the acquired data by the stations
ought to comply with, among others the accuracy and timeliness requirements. On the other

hand, the OCs collect laser ranging data and transfer it for archiving by the DCs. The DCs



forward the archived data to the ACs for deriving ILRS official products. Thereafter, the ACs
return the products, which include Earth Orientation Parameters (EOP) and precise orbits for
selected satellites, to the DCs to facilitate access of not only laser ranging data but the derived
geodetic and geophysical ILRS products to a global user community. A detailed discussion of

the ILRS operational components can be found in Pearlman et al. (2019).

1.2. Problem statement

Open-air ground-based telescopes utilized for laser ranging observations of space-based
targets at sub-centimetre level accuracy, can suffer from structural deformations induced by
varying ambient air factors, wind loading and/ or gravitational forces at the observatory site.
These variables need to be measured to enable correction of the resulting pointing errors. This
is more so on the LLR 1-metre aperture telescope that is being assembled at the Hartebeesthoek
Radio Astronomy Observatory (HartRAQO) of South Africa in collaboration with the National
Aeronautics and Space Administration (NASA) and Observatoire de la Cote d’Azur (OCA) of
France (Combrinck, 2011; Combrinck, 2014; Botha, 2016; Ndlovu et al., 2016; Tsela et al.,
2016b; Munghemezulu et al., 2018). The HartRAO LLR is expected to make ranging
observations to the corner cube retroreflectors located on the lunar surface with sub-centimetre
level precision; and would contribute to ranging observations of 5 capable LLR stations based
in the Northern Hemisphere (Murphy, 2013).

Key to the achievement of the required 1 arcsecond pointing accuracy of the HartRAO
LLR (Combrinck, 2014) is modelling the thermal behaviour and related distortion dynamics of
the HartRAO LLR composite structure for possible impact on pointing. In particular, no study
has been previously reported on the thermal behaviour and related structural changes coupled
with displacements, of the HartRAO LLR composite structure with respect to ambient air
temperature. Secondly, a prototype steering and pointing software package developed for the
HartRAO LLR, has so far only been operated on a 125 mm dual refractor testbed telescope
(under room temperature conditions) and achieved root mean squared error values at the 0.5
arcsecond level (Combrinck, 2014). The extent of variation of the achieved error values is
currently not known, particularly when the pointing model will be tested on the actual LLR
telescope, which will be exposed to the varying thermal environment during operation.

Therefore, this study included (i) modelling the thermal behaviour of the LLR composite

structure based on the site ambient temperature profile, (ii) proposal of a mathematical model



for monitoring thermal variations and related deformations of the LLR composite structure,
and (iii) the determination of the extent of thermally-induced displacements of the optical tube,
so as to inform efforts to determine the amount of correction needed to be fed into the LLR
telescope pointing model (Combrinck, 2014) to counteract expected thermally-induced
pointing offsets. The efforts are a step towards the development of a thermal monitoring system
for the HartRAO LLR telescope, which is imperative in maximizing the pointing accuracy of
the telescope, thereby increasing the chance being on-target with the retroreflectors located on

lunar surface.

1.3. Research aim

The aim of the study was to model the thermal behaviour and related distortion dynamics

of the HartRAO LLR composite structure for possible impact on pointing.

1.4. Research objectives

The objectives of the study were to:

(i) investigate the extent of influence of varying ambient air temperatures at the HartRAO
site on the thermal behaviour (thermal response times, variations and deformations)
of the first-ever LLR telescope in the Southern Hemisphere;

(it)  propose a thermal model for monitoring thermal variations and related deformations
of the HartRAO LLR telescope composite structure; and

(iii) quantify the extent of thermally-induced tube displacements during day- and
nighttime, so as to inform efforts to determine the amount of correction needed to be
fed into the LLR telescope pointing model (Combrinck, 2014) to counteract
thermally-induced pointing offsets.

1.5. Overview of Lunar Laser Ranging scientific contributions

In particular, LLR measurements offer potentially more comprehensive solutions for
accurate probes of, amongst others, the Moon’s motion around the Earth, fundamental
gravitational physics, and dynamics of the Moon including the determination of EOP. For
example, LLR continues to provide valuable tests of Einstein’s Equivalence Principle (EP)
dating back from 1976 (Williams et al., 1976). Einstein’s EP widely known as the universality
of free fall; predicts that the Earth and Moon accelerate alike in the Sun’s direction. This theory



has been precisely tested through LLR by comparing the relative gravitational and inertial
masses for the Earth and Moon celestial bodies in order to determine whether these bodies have
a similar acceleration rate toward the Sun (Williams et al., 2004; Williams et al., 2012). If the
two aforementioned celestial bodies exhibit differential acceleration, this may cause
displacement of the Moon’s orbit in the direction of the Sun, thus violating EP (Nordtvedt,
1999).

The available empirical findings based on analyses of long-term LLR measurements
revealed a slow recession rate of the Moon’s orbit by about 3.8 cm away from the Earth
annually due to tidal friction (Murphy, 2013). In addition, LLR provides a unique opportunity
to test temporal changes of the Newtonian gravitational constant, G. Temporal changes in
Newton's gravitational constant, G are constrained to (2+7)x10"!* per year which indicates the
stableness of the universal force of gravity (Williams et al., 2004; Miller and Biskupek, 2007).
While this constraint corroborates Einstein’s General Relativity theory which does not predict
a changing G however, this could contradict other theories of gravity (see Murphy (2013) and
references therein).

Furthermore, LLR is being used to define coordinate frames, investigate tidal
acceleration of the Moon, geodetic precession (Chapront and Francou, 2006) as well as to study
geodynamics (Dickey et al., 1994) and the lunar interior dynamics (Williams and Boggs, 2008)
through range distance measurements obtained at various LLR stations worldwide. LLR
measurements from various stations, provide information that contributes to the derivation of
global ranging data products which can be used in scientific activities spanning for example
geophysics, oceanographic research, and geodesy for precise orbit determination and
maintenance of the ITRF (Combrinck, 2011; Hofmann et al., 2018; Pearlman et al., 2019).



1.6. Thesis outline

This thesis consists of 5 chapters. The first chapter contains a comprehensive summary and

context of this research study as well as the problem statement, aim and objectives.

Chapter 2 provides a detailed discussion of key published material related to this research, and
highlights the scientific justification for this study, including the contribution to existing

knowledge in the area of telescope thermal modelling.

A detailed discussion of the methodology is presented in Chapter 3 which encompasses the:
(a) description of the study site, (b) LLR telescope and its thermal properties, (c) data and
equipment used, (d) proposed thermal model and (e) setup of experiments conducted in this

study.

Furthermore, Chapter 4 contains the results obtained in this study, coupled with a detailed

discussion of the findings.

Lastly, Chapter 5 provides concluding remarks based on the results, while reflecting on the
research problem statement and/or significance of the study as well as the aim and objectives

of the study.



Chapter 2: Literature review

2.1. Lunar Laser Ranging overview

2.1.1. Basics of Lunar Laser Ranging

Over the past 40 years, the placement of retroreflectors on the lunar surface led to the
evolution of the LLR technique. The placement was done through a series of the manned
Apollo missions, as well as a series of the unmanned Soviet rover Lunokhod missions (Bender
et al., 1973). In particular, the Apollo missions and their respective Moon landing dates were
Apollo 11 on 20" July 1969, Apollo 14 on 5" February 1971 and Apollo 15 on 30" July 1971.
In addition, the Moon landing dates of the Lunokhod missions 1 and 2 were 17 November 1970
and 15 January 1973 respectively (Figure 3). The retroreflectors placed on the Moon consists
of reflective prism faces that return the incident laser beam to its original direction (Figure 3)
and as a result, provide the only means to measure the Earth-Moon distance with the LLR
technique (Murphy, 2013). The LLR technique basically requires a telescope located at a
ground station for transmitting a light pulse to a retroreflector on the Moon (Figure 4). After
about 2.5 seconds the retroreflector returns the light pulse in the same direction; and therefore,
the departure and arrival times of the light pulse are recorded at the station for deriving Earth-
Moon distance measurements (Veillet et al., 1993). The most recently reported precision of the

acquisition of these measurements is 1 mm (Murphy, 2013).
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Figure 3: An illustration of the lunar cube reflectors at the Physics department of the University
of California, San Diego (1). Hundreds of such cube reflectors are arranged in various
retroreflector arrays for example the Apollo 15 array placed on the lunar surface, facing the
Earth (2). Distribution of various retroreflector arrays placed on the lunar surface by the
manned Apollo and unmanned Soviet rover missions (3).



The use of a laser for ranging to the Moon has several advantages such as making it
possible to collimate the outgoing light beam, it makes provision for ultra-short pulses, and its
light is extraordinarily directional notwithstanding the possibility of atmospheric distortions.
For example, atmospheric turbulence is known to impose divergence on the outgoing beam at
a scale of at least one arcsecond i.e. 1/3600™" of a degree (Murphy, 2013). In particular, such a
minor angular size translates to the beam widening up-to approximately 2.0 km at the distance
of the Moon and hence, most light photons, about 30 million from 50 transmitted pulses seldom
hits the retroreflector(s). The photons that impinge on the corner reflectors, consequently return
in a diffracted beam. For example, according to Murphy (2013) the Apollo corner reflectors
can diverge the returning beam at a scale of approximately 7.5 arcseconds, which translates to
an area wide enough cover about 15 km across the Earth’s surface. At least a single photon
would be received by the telescope provided the telescope employs a receiver that has high
photon detection efficiency. Generally, there are efficient receivers for the green light (532 nm,

commonly used for LLR) that exceed 70% photon detection efficiency (Prochazka et al., 2014).

Dickey et al. (1994) showed that the round-trip travel time of the light pulse between the
ground-based ranging station and the corner retroreflector on the lunar surface, can be

approximately derived using the following basic Equation (1):

p=Ir|+Ry T —Rp-T (1)

where r denotes the distance between Earth-Moon barycentre computed in the Barycentric
Celestial Reference Frame, R, denotes the selenocentric location of the lunar retroreflector on
the Moon in the lunar-fixed system, and R is the geocentric position of the ranging station in

the Earth-fixed system.

A hypothetical illustration by Dickey et al. (1994) of the geometrical relationship
between the above-mentioned parameters is presented in Figure 4. The Earth-Moon mean
distance is 385 000 km and, given the respective equatorial radii of the Earth (6378 km) and
Moon (1738 km), the lengths and relative orientations of the vectors Rg and R,, could

influence the measured distance.
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Figure 4: Hypothetical lunar laser ranging telescope transmitting laser pulses through the beam
expander or optical tube aperture to the retroreflector array on the lunar surface. After the laser
pulse impinge on the retroreflector, the light pulse is returned in the same direction and received
at the telescope (source: Dickey et al., 1994).

However, given the Earth-Moon approximate long distance of 350 000 km, the basic
observation equation that describes the accurate computation of Earth-Moon distance
measurements ought to incorporate certain key parameters given by Miiller et al. (2008) as:

)

r
d= CE :| Iem — Istation T I reflector | +CAT

where the following parameters d, c, and 7 represents the distance from the ground-based
station to the retroreflector, the speed of light in a vacuum, and time-of-flight of the laser pulse,
respectively. Furthermore, the three distinct vectors rem, Fstation, and Irefiector describe the
connection between the geocentre and the selenocentre, geocentric position of the ground-
based station, and the selenocentric position of the retroreflector arrays, respectively. Lastly,
the parameter Az represent the applied travel-time corrections due to the delays caused during
the propagation of the laser pulse through the non-linear atmospheric environment.

When ranging to the retroreflectors on the Moon, it is important that the transmitted laser
pulse carry a sufficient number of photons, so that a sufficient number of photons can reach
the corner cube reflectors (CCR’s) and at least a single photon be returned to the telescope
receiver (Mérki, 2018). In particular, the large distance between the Earth and the Moon, makes

it difficult to receive echoes from the Moon, hence the ratio of photon numbers received and
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transmitted is approximately 1:10*® (Courde et al., 2017). To estimate the number of photons

received by the ranging detector, Degnan (1993) proposed the radar link equation as follows:

2 e ©)
Npe = Mg (ET E) n:Gro (W) A, T4 T

where n,,, denotes the number of received photons, 1, denotes the quantum efficiency of the
detector (receiver), E; denotes the total laser pulse energy, A denotes the laser wavelength, h
is Planck’s constant, and c is the speed of light in a vacuum. Furthermore, the parameters
n¢ G, and o represents the transmit optics efficiency, gain of the transmitter, and optical cross-
section of the corner cube retroreflector, respectively; R is the slant range to the Moon
retroreflector. Subsequently, the effective area of the receiver telescope, receive optics
efficiency, unidirectional transmission through the atmosphere, and unidirectional transmission
through the cirrus clouds if present, are denoted by the parameters A,,7n,, Ta and T

respectively.

In Equation (3) the slant range R, is given by Degnan (1993) as:

4
R =—(Rg — h) cos O, + \/(RE + h)?2cos? 6 + 2Rz (hs — hy) + hZ — h? )

where Ry denotes the Earth radius at the Equator (6378 km), h, denotes the station-height
above sea level, hg denotes the Moon’s elevation above sea level, and 6,,,, is the zenith angle
of the Moon as observed from the station. The two Equations (3) and (4) were theoretically
tested (Munghemezulu, 2018) based on the estimated, link budget equation parameters for the
HartRAO LLR station, and as a result, 5 return photons per minute is expected to be received
by the HartRAO LLR telescope. Since, on average it takes about 5 to 25 minutes of ranging in
order to generate a typical normal point (Merkowitz, 2010), the HartRAO 1-metre LLR can
be expected to collect up-to approximately 100 photons, which may be sufficient to obtain

normal points at the envisaged mm level.
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2.1.2. Detailed overview of Lunar Laser Ranging scientific contributions

Accurate LLR measurements offer potentially more comprehensive solutions for
accurate probes of, amongst others, the Moon’s motion around the Earth, fundamental
gravitational physics, Einstein’s EP, and dynamics of the Moon including the determination of
EOP (Muller and Tesmer, 2002). The following sections contain selected examples detailing

the contribution of LLR to science.

2.1.2.1. Equivalence Principle Tests

Tests of the EP using LLR data are performed by comparing gravitational accelerations
of the Earth and the Moon test bodies toward the Sun (Williams et al., 2012). The hypothesis
is that both Earth and Moon regardless of their different masses and compositions, have the
same gravitational accelerations a, and a, in the same gravitational field as follows (Williams
etal., 2004):

1
5 (a; + ay)

{Ta =4y (%) _ (%) (5)

B ~\M, M,

where parameters M; and M. denote the gravitational mass and inertial mass of each test body.
Precise differential acceleration measurement is important for determining the sensitivity of
the EP test (Williams et al., 2012).

Violation of the EP, would result in the inequality of gravitational and inertial masses
such that, the Earth and Moon falls towards the Sun at slightly different rates, leading to the
perturbation of the lunar orbit (Nordtvedt Jr, 1968). In case the EP is violated, a range signature
with 29.53 day synodic period will result as the lunar orbit will be displaced along the Earth-
Sun line. Furthermore, LLR tests of the total EP, taking into cognisance both composition and
gravitational self-energy for the Earth and Moon in the gravitational field of the Sun, yield Aa/a
values of (-1 + 2) x 10 (Williams et al., 2002) as well as (-0.7 + 1.5) x 10" (Anderson and
Williams, 2001) which correspond to a range amplitude of 2 + 4 mm (Williams et al., 2004).

In addition, recent test results of EP based on the analysis of LLR data spanning 16,250
NPs yielded the value of (-0.8 + 1.3) x 10°*® (Turyshev and Williams, 2007). Overall, the
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analysis of historic, accurate Earth-Moon distance measurements does not reveal significant
evidence for a violation of EP (in the general theory of relativity) compared to its uncertainty.
However, further tests of EP could facility efforts to find a new theory of gravity (Williams et
al., 2012) and more stringent limits on any violation of EP. While the Earth and the Moon test
bodies vary in composition and gravitational self-energy, the EP is considered to have two
formations namely; the weak equivalence principle (WEP) and the strong equivalence principle
(SEP). The latter is sensitive to gravitational energy of a body i.e. Earth/Moon, whereas, the

former is sensitive to the composition.

2.1.2.2. Tests of gravitational constant, G

Analysis of LLR time-series data permits the determination of limits on the variability of
the gravitational constant G. Such determination is possible due to the sensitivity of the Moon’s
orbit to the longitude of the Sun. In particular, this constant describes the temporal variation of
gravity due to the magnification of the universe (Turyshev and Williams, 2007). For example,
the potential variation of G with time, exert torques on not only the monthly lunar orbit but
also the annual Earth-Moon orbit around the Sun (Nordtvedt, 1999). Considering Kepler’s third
law, it is evident that a changing G with time would appear peculiar to the evolution of the
Moon’s orbital period (Merkowitz, 2010):

_4mr? (6)
~ Gm’

and by taking the time derivative and re-arranging comes to:

PZ

G _ b m ™)
G “r P m

Utilising LLR data, the anomalous evolution of the Moon’s orbit can be estimated,

coupled with an estimate for G (Williams et al., 1996). The analysis of LLR data, sets a limit

on the gravitational constant G/ G estimated to be (6 + 7) x 103 year (Turyshev and Williams,
2007) and more recently (-0.7 + 3.8) x 107" year? (Hofmann et al., 2010). Continued LLR

observations are expected to enhance this limit.
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2.1.2.3. Tidal acceleration of the Moon and Love numbers

Analysis of LLR observations aid in the modelling of tidal effects affecting the Earth-
Moon distance measurements (Mdller and Tesmer, 2002). Such effects have significant
implications for the accuracy of the acquired observations at the LLR station. The Moon is a
tide generating body and causes a bulge on the non-ideal elastic Earth. As a result, the bulge of
the Earth relative to the Earth-Moon direction, exerts a secular acceleration of the Moon's
longitude (Chapront and Francou, 2006). This produces a tidal acceleration of about -25.90"/
cy? in the lunar longitude (Pavlov et al., 2016), which slows the rotation rate of the Earth,
coupled with an increase of the length of day (Chapront et al., 2002; Chapront and Francou,
2006). Another consequence is the slow recession rate of the Moon’s orbit by about 38.20

mm.year away from the Earth (Pavlov et al., 2016).

Furthermore, the global or site-specific tidal displacement parameters hy (horizontal
tides) and I, (vertical tides) also called Love numbers and the tidal dissipation parameter tm Can
be estimated to investigate their effect on relativistic quantities. Various tidal parameter values
were reported in Muller and Tesmer (2002) for each LLR station. The same study also reported

global estimates of the different Love numbers as:

oh, =-0.001+0.006
ol, =+0.014+0.002

In addition, based on LLR observations, the potential Love number k2 can be estimated from

tidal variation of the gravity field (Konopliv et al., 1998).

2.1.2.4. Lunar Science

LLR data contains a wealth of information that can be used to potentially expose details
about the dynamics and the inner structure of the Moon. For example, the tidal Love numbers
(known to be responsive to the structure and internal elastic properties of the Moon (Williams
and Boggs, 2008), moment of inertia ratios, tidal quality factor and changes in the lunar
physical librations, obtained from the analysis of LLR data reveal more insight and
understanding of the deeper structure of the Moon, mass distribution and internal dynamics
(Khan et al., 2004; Williams et al., 2004).
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Investigations on the existence of a lunar core, are empirically aided by the sensed
properties detected using LLR through physical librations and tides, which indicates a liquid
core with a turbulent boundary layer (Williams et al., 2004; Williams and Boggs, 2008). In
particular, the first property that indicates a liquid core is energy dissipation which arises at the
liquid core/ solid mantle boundary (denoted, CMB). Such dissipation may be triggered by the
interaction between tides in the solid mantle and CMB. Furthermore, the second property can
be inferred from the ellipticity of CMB which results in a torque as the liquid travels along the
oblate spheroid (Williams and Boggs, 2008). The third property arises from the moment of
inertia of the liquid core which has an effect on the periodic displacement of a physical libration
term (Williams and Boggs, 2008).

The tri-axial mass distribution of the Moon is associated with the principal moments of
inertia as follows: A < B < C (Murphy, 2013). The moments of inertia are measured using both
the Lunar Prospector (Konopliv et al., 1998) and LLR time-series data (Khan et al., 2004).
Thus, sensitivity to the lunar physical librations allows precise calculation of the relative
differences in the aforementioned principal moments of inertia to the 0.05% level (Murphy,
2013) as follows:

_€-4 ®)
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The current estimated values for the quantities in (8) and (9) are reportedly ~6.3 x 10*#and ~2.3

x 104, respectively (Murphy, 2013).

Other scientific contributions from LLR include: (i) the precise determination of Earth
Orientation Parameters, (ii) Relativity and gravity (iii), Gravitomagnetism and Parameterized
Post-Newtonian (PPN) tests, and the (iv) Inverse Square Law. Further details pertaining these

scientific contributions can be found in Murphy (2013) and references there in.
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2.1.3. Historical overview of observatories with Lunar laser capabilities

Several observatories (Table 1) equipped with lunar ranging capabilities were established
across various parts of the world. During the period 1969-1972 a number of observatories
located in California, Arizona, Pic du Midi de Bigorre and Tokyo (Table 1) had already started
ranging to the Moon and were able to obtain LLR measurements. Although the operational
period of the aforementioned observatories was transient probably due to technical, operational
and/or funding restrictions; all four abovementioned observatories provided useful empirical

LLR data obtained at ranging accuracies of approximately 30 cm.

Subsequently, in 1973 LLR experiments were carried-out successfully at the McDonald
observatory based on the 2.7 m telescope and became the first instrument ranging to the Moon
on a regular basis (Bender et al., 1973; Silverberg, 1974). At the time, the telescope provided
much more accurate lunar ranging information at about the 15 cm level owing to the exclusive
use of a four-stage Q-switched ruby laser technology. The laser had a 4 nanosecond (ns) pulse
width capable of transmitting laser light pulses with an amplified output energy of 3 Joules (J)
per pulse at a repetition rate of one pulse every 3 seconds as well as being able to receive the
returned laser light (i.e., Earth-Moon-Earth round-trip travel time) within 1 ns. The LLR
empirical efforts at McDonald observatory were reported to be contributing 350 lunar range
distance measurements annually (Silverberg, 1974), but time delays as a result of photon
detectors and other electronics led to uncertainties in the range measurements (Bender et al.,
1973).

Previous lunar ranging experiments coupled with challenges encountered at the
observatories provided fundamental inputs in the construction of three additional observatories
equipped with both satellite and lunar ranging capabilities around the mid 1980’s in Hawaii,
Grasse and Texas (Table 1). In particular, the Lunar Ranging Experiment (LURE) observatory
based in Haleakala, Hawaii using an amplified pulsed laser system demonstrated improved
ranging performance from the historical 15 cm to just below 2 cm; but ceased collecting LLR

measurements regularly in 1990.
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Table 1: Chronological history of the observatories with lunar laser ranging (LLR) capability.
Only three LLR facilities based at Grasse, Texas (not operational for several years) and New
Mexico observatories operate on a regular basis.
(Source: https://ilrs.cddis.eosdis.nasa.gov/science/scienceContributions/lunar.html).

Country LLR Observatory Date  of | Ranging Aperture Source
operation | accuracy
California, Lick Observatory 1969 30cm 3.1m Faller et al. (1969)
United States
Arizona, Air Force Cambridge | 1969 Restricted Restricted Hunt (1974)
United States Research Laboratories access access
Lunar Ranging
Observatory (AFCRL)
Pic du Midi de Pic du Midi 1970 Restricted 1m Calame et al.
Bigorre, France | Observatory access (1970)
Tokyo, Tokyo Astronomical 1972 Restricted Restricted | Kozai (1972)
Japan Observatory access access
Texas, USA McDonald 1973 15¢cm 2.7m Bender et al.
Observatory (1973)
Hawaii, United | Lunar ranging 1984 <2cm N/A Carter and
States Experiment (LURE) Williams (1974)
Observatory
Grasse, France Observatoire de la 1984 1.5cm 1.5m Samain et al.
Cote d’Azur (1998)
Texas, USA McDonald Laser 1985 <2cm 0.76 m Shelus (1985)
Ranging System
(MLRS)
Matera, Italy Matera Laser Ranging | 2003 N/A 15m Bianco and
Observatory (MLRO) Varghese (1994)
Southern New Apache Point 2006 1mm 3.5m Murphy Jr et al.
Mexico, USA Observatory Lunar (2008)
Laser Ranging
Operation (APOLLO)
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This was followed by the LLR facility utilizing a 1.5 m optical telescope which was
established at the Observatoire de la Céte d’Azur (OCA) in Grasse, France in 1984 which
acquired range measurements accurate to 1.5 cm level (Samain et al., 1998). This facility used
a 70 picosecond (ps) neodymium doped yttrium aluminium garnet (Nd:YAG) two-colour laser
system that emitted 4 short pulses at a repetition rate of 10 Hz with an energy pulse of 75 mJ
(Samain et al., 1998).

The OCA LLR facility is characteristic of return rates of 0.002 and 0.01 photons per
pulse (Samain et al., 1998) and contributed regular range measurements to various LLR data

analyses centres (https://ilrs.cddis.eosdis.nasa.gov/science/scienceContributions/).

In the mid 1980°’s LLR system operations at the McDonald’s observatory were
decommissioned and replaced by a dual laser system with satellite and lunar ranging
capabilities designed to regularly operate on a dedicated 0.76 m telescope (Shelus, 1985). This
laser system is typical of a 200 ps Q-switched Nd:YAG that produces high-intensity laser
pulses in the green wavelength (0.523 pm) with an energy pulse of 150 mJ and a repetition rate
of 10 Hz. The satellite and lunar laser ranging facility at the McDonald observatory was named
the McDonald Laser Ranging Station (MLRS). The station acquired range measurements on a
regular basis at centimetre level accuracy, and was reported as one of the routine contributors
to lunar range data between the years 1990 and 2006 (Murphy, 2013).

For the first time in LLR history, the recently established Apache Point Observatory
Lunar Laser Ranging Operation (APOLLO) in New Mexico with a dedicated 3.5 m telescope
achieved 1 mm range precision to the Moon (Murphy Jr et al., 2008). The LLR facility at
APOLLO was implemented based on sophisticated optical and mechanical designs including
electronics (Murphy Jr et al., 2008) and offer the most accurate ranging data to date following

multi-decadal cm range measurements (Murphy, 2013).

By 2007, about 16000 LLR distance measurements were reported to have been acquired
by the existing observatories (Miller et al., 2007) and this number is expected to increase
considering integrated measurements from the currently operating and in progress LLR
stations (i.e., Matera, Italy (this station has obtained successful returns) and Wettzell, Germany
(this station is still under development)). These measurements have significant implications for
conducting and improving tests of several gravitational and mechanical phenomena. Currently,

all the LLR facilities collecting range measurements regularly are situated in the Northern
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Hemisphere (Figure 5). New efforts are geared towards developing a dedicated station in South
Africa i.e. Hartebeesthoek, represented in the Southern Hemisphere which will have LLR
ranging capabilities (Combrinck, 2011; Tsela et al., 2016b; Munghemezulu et al., 2018).
Additionally, a similar effort is underway at Mount Stromlo, Australia (Greene and Luck,
2002).

Figure 5: Distribution of stations with lunar laser ranging (LLR) facilities
(https://ilrs.cddis.eosdis.nasa.gov/science/scienceContributions/lunar.html). Only three LLR

stations namely, the McDonald Observatory (Texas, U.S.A), Grasse/ Observatoire de la Cote
d'Azur (France) and Apache Point Observatory (New Mexico, U.S.A.) performed LLR on a
regular basis. The McDonald Observatory has ceased LLR operations.

In particular, development of the new LLR geodetic station at the HartRAO of South
Africa is planned to acquire (millimetre) Earth-Moon distance measurements in the Southern
Hemisphere (Combrinck, 2014; Munghemezulu et al., 2016; Combrinck, 2014; Tsela et al.,
2016b) using the refurbished ex-French 1-metre aperture telescope (Combrinck and Botha,
2014); and would be an addition to the five capable LLR stations based in the Northern
Hemisphere (Noda et al., 2014), namely the McDonald Observatory (Texas, U.S.A),
Observatoire de la Cote d'Azur (France), Apache Point Observatory (New Mexico, U.S.A)),
Matera (Italy) and Wettzell (Germany). Currently, only the first 4 stations consistently
contribute LLR observations to the ILRS database (Courde et al., 2017).
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Considering the uneven distribution of capable LLR stations worldwide, the HartRAO
LLR station would play a significant role in the continuous global monitoring of the Earth-
Moon system dynamics, as well as understanding the processes in the complex Earth system.
According to Hofmann et al. (2015), the current geometry network of LLR stations is likely to
increase globally in the near future given the ongoing developmental efforts in other countries
such as Russia (Vasilyev et al., 2014), Japan (Noda et al., 2014) and Chile (Fienga et al., 2014).

The HartRAO LLR system is expected to be operational in 2019 and will be using a 200
ps Nd:YAG laser system firing green light pulses at 10 Hz and 200 mJ per pulse. A suitable
site for the permanent installation of the first South African LLR station has already been
identified. The station will be located in Matjiesfontein, Western Cape province, which was
found to be characterized by favourable optical seeing and atmospheric conditions as well as
other important environmental characteristics that would enable effective operation of the LLR
instrument (Nickola et al., 2011).

2.1.4. Infrared lunar laser ranging

Since the early 1990°s the LLR measurement precision using the green detector at 532
nm particularly at the Grasse station in France, has reached millimetric level (Samain et al.,
1998). However, at the time, the precision level when using the infrared (IR) detector at 1064
nm was reportedly insufficient relative to the green detector (Samain and Mangin, 1994) due
to limitations of the detector’s internal noise coupled with the requirement of sophisticated
venting systems (Cova et al., 1994). About two decades later, notable advancement in indium
gallium arsenide (InGaAs) technology (Itzler et al., 2011) led to an improved IR single-photon
detector. Consequently, the Grasse station currently performs LLR in IR at 1064 nm utilising
an InGaAs single-photon detector (Courde et al., 2017). IR LLR increased station efficiency

on all five corner cube retro-reflectors as well as during the new and full Moon periods.
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Figure 6: Distribution of normal points obtained on both the Apollo and Lunokhod retro-
reflectors, using the green and infrared detectors of the Grasse LLR for the first nine months
of 2015 (Source: Courde et al., 2017).

For example, IR LLR was found to have more normal point (NP) observations, precision
of up-to three millimeters relative to a five millimetre level when the green detector is used. In
principle, each NP represent, averaged range observations from multiple single-pulse
measurements (Turyshev et al., 2013). Furthermore, the IR detector had increased observability
duration, such that more i.e. 741 normal points (NPs) were acquired in IR compared to the
green NPs at 211 (Courde et al., 2017). In addition, Courde et al. (2017) empirically found that
IR LLR showed improved homogeneity in-terms of the distribution of NPs obtained on all five
corner cube retro-reflectors (Figure 6). This is contrary to the green LLR observations which
showed considerably low distribution of NPs on the Lunokhod retro-reflectors coupled with
very high (65%) distribution on the Apollo retro-reflectors, especially A15 (Figure 6). Such
findings suggest, utilising the IR detector in current and envisaged LLR stations for LLR
observations, could have significant implications for the derived LLR scientific products, in-
terms of increased accuracy of estimated parameters for example some lunar gravity field
coefficients, mass of the Earth-Moon system, lunar orbit speed and location, and the lunar core

dynamical parameters (Viswanathan et al., 2016; Viswanathan et al., 2017).

2.1.5. The next generation corner cube retroreflectors

In the last four decades, the ranging to Apollo lunar retroreflectors by different LLR
stations led to numerous scientific findings in for example gravity, relativity and selenophysics

(Murphy Jr et al., 2004). To date, the Apollo lunar retroreflectors still operate and are used to
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generate new science results. Key to the accuracy of the science results, is the laser and detector

(timing) technology used at the LLR station as well as the telescope aperture size.

Weighted RMS residual (cm)

1970 1975 1980 1985 1990 1995 2000 2005
Year

Figure 7: Historical accuracy of LLR data showing improvement in the ranging accuracy, since
1970 from 20 — 25 cm to about 2 cm in 2003 (Source: Murphy Jr et al., 2004).
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Figure 8: Historical accuracy of LLR data showing improvement in the ranging accuracy, from
cm-level up-to sub-centimetre level (Source: Viswanathan et al., 2017). The LLR data accuracy
is superimposed on ranging observations acquired from all five retroreflector arrays.

During the last few decades, there has been a dramatic amelioration of the
abovementioned factors at various LLR stations such as the MLRS (0.76 m telescope), OCA

(1.5 m telescope) and APOLLO (3.5 m telescope). Technological advancement has also led to
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improved accuracy of the LLR observations by more than a factor of 200 (Currie et al., 2011),
i.e. from the initial ranging accuracy of approximately 20 — 25 c¢cm (in the 1970’s) to about 2
cmin 2003 (Figure 7). In particular, the 2.7 m aperture telescope ranging system at McDonald
Observatory (Bender et al., 1973) initially had ranging accuracies of around 25 cm, which
improved to about 15 cm in the late 1970s due to incorporation of improved technology.
Furthermore, around the mid-1980s the MLRS (Shelus, 1985) replaced the aforementioned
telescope ranging system, while on the other hand, additional ranging systems from LURE
(Carter and Williams, 1974) and OCA (Samain et al., 1998) equipped with enhanced detectors,
lasers and precision timing systems came into existence, which gradually improved the ranging
accuracy since those years to ~ 2 cm in 2003 (Williams et al., 2009). Generally, there is
dominance of LLR observations to the A15 Apollo array; however, since 2014 notable changes
are evident in the LLR observations acquired by the use of infrared ranging at Grasse. This
showed improved homogeneity in terms of the distribution of normal points obtained on all
five corner cube retro-reflectors. Furthermore, the accuracy of the current LLR observations

has reached millimetre level (Figure 8).

Notwithstanding the progress thus far, the return signal level particularly from the Apollo
lunar retroreflectors has diminished by a factor of 10 up to 100 below the expected signal return
(from the Apollo arrays) when initially deployed (Burns and Lazio, 2011, Turyshev et al.,
2013). The deterioration in signal return is reportedly due to lunar librations and the fading of
the lunar reflectors, suspected to be caused by levitated dust (Currie et al., 2011) For example,
simulations (Turyshev et al., 2013) show that the Earth’s centre varies as seen from the Moon
due to the eccentricity and perturbation of the Moon’s orbit. As a result, the Earth’s position is
estimated to vary at most by 8.2 ° in longitude and 6.9 ° in latitude (Turyshev et al., 2013).

This means, during the Moon’s rotation normal to the direction of the Earth, the lunar
retroreflectors comprising the Apollo array temporally occur at different ranging distances
from the ground-based LLR station, and thus results in a spread in the width of the returned
pulse. In addition, the root mean squared error uncertainties associated with optical lunar
librations were estimated to range from 24 mm for the Apollo 11 up-to about 46 - 70 mm for
the Apollo 15 reflector arrays (Currie et al., 2011). In overall, the accuracy of single-shot
returns on the Apollo arrays is limited to a few centimetres (Martini et al., 2012), even with the
dominant observations from the A15 array across all stations. In particular, LLR stations with

sub-metre aperture telescopes suffer more than telescopes with large apertures such as the
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APOLLO, which can acquire thousands of single photoelectron returns to obtain one millimetre

normal point (Currie et al., 2011).

The single large corner cube reflector (CCR), denoted as the Lunar Laser Ranging
Retroreflector Array for the 21st Century (LLRRA-21) is expected to address the problems of
optical lunar libration, such as single pulse spread due to tight CCR spacing within the array,
and exposure of CCR to the accumulation of dust (Burns and Lazio, 2011; Currie et al., 2011;
Martini et al., 2012). This next generation retroreflector is being developed through a joint
collaboration between the University of Maryland and National Laboratory of Frascati (Martini
et al., 2012) and its deployment is planned for 2019. In particular, the LLRRA-21 is based on
the concept of having a series of single larger CCR of size 100 mm launched individually on

the Moon surface.

| e———

Figure 9: The fabricated 100 mm second generation retroreflector (left) placed next to the 38
mm Apollo retroreflector (right) of the first generation (source: Currie et al., 2011).

The size of this CCR is larger than the current 38 mm CCRs (Figure 9) arranged within
the panels of the Apollo arrays. The hypothesis for the utilisation of a single large solid CCR
relative to 100 or 300 38 mm CCRs, is that the single large CCR would be unaffected by the
lunar librations whereas, the current small CCRs change position with respect to the direction
of the Earth due to tilting of the array by few centimeters (Martini et al., 2012). This means,
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with the single large CCR the ambiguity on which CCR within the array gave a return pulse
becomes irrelevant. In particular, this notion reduces single pulse error (Murphy Jr et al., 2008)
and supports ranging with much shorter laser pulses to get an accurate timing of each return
pulse (Currie et al., 2011). Furthermore, the LLRRA-21 would have sufficient signal strength,
even for LLR stations with sub-metre aperture telescopes to provide an increased number of
observations (i.e. two orders of magnitude) per month at millimetric level (Burns and Lazio,
2011).

2.2. Telescope pointing overview

The aim of pointing, is for a telescope to point toward the desired target for example
retroreflectors on the Moon for a ground-based telescope. Pointing to the desired target can be
described in terms of theoretical position and actual position. In particular, the theoretical
position, usually expressed in azimuth (hereafter, Az) and elevation angles (hereafter, El), takes
into cognizance the natural effects such rotation of the Earth, refraction, aberration and the
discrepancy between Coordinated Universal Time (UTC) and Universal Time (UT1) triggered
by irregularities in the rotation of the Earth. In particular, leap seconds are normally added to
minimize the aforementioned discrepancy to less 0.9 seconds, and subsequently the UTC is
converted into ephemeris time (ET) for computational use at the ranging station (Mulholland,
1977).

Disturbances

!
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Figure 10: A basic closed-loop pointing servo system that systematically compares
discrepancies between desired and actual positions. The detected discrepancy represents an
error which is then fed into the drive system for correcting the initial actual position (Source:
Bely, 2003)

However, as shown in Figure 10 that due to both internal and external disturbances
around the telescope, the theoretical position seldom match the actual position at which the
telescope is pointing, and as a result correction of the detected discrepancy takes place (Bely,

2003; Mittag et al., 2008; Zheng et al., 2012). In general, pointing errors can either be

26



repeatable or non-repeatable. Repeatable errors include mechanical misalignments (Greve and
Mangum, 2008), gravity deformations (von Hoerner and Wong, 1975; NKkosi et al., 2016;
Bergstrand et al., 2018) and thermally-induced deformations (Mittag et al., 2008; Cho et al.,
2010) whereas, non-repeatable errors entail mechanical and servo errors and torque ripple in
the drive motors, cable wraps as well as wind turbulence (Ukita et al., 2007). Furthermore,
repeatable errors can be corrected through control systems that regularly feed corrections in a

pointing model (Wresnik et al., 2007).

A widely known classical pointing model by Plaza (2001) also referred to as the 7
parameter model, is presented below to illustrate the fundamental parameters which are taken

into account for telescope pointing:

SAl = Alygs — Aly sinAltanEl — Alg cos Altan El — Nppg tanE 1 + Byp secE (10)

SEl = Elyg+ Aly cos Al — Alg sin Al + Tp cosE (11)

where Aly and Ale denotes a tilt of the Az-axis to the north and east respectively; Npae denote
the non-perpendicularity of El to Az-axis (deviation of El-axis from horizontal); Bnp denote the
non-perpendicularity of the optical axis to EL-axis (i.e. misalignment of the optical axis to the
telescope tube axis); and lastly Tr denote tube flexure. The errors arising from the telescope
mount (axis mis-alignment), non-perpendicularity of El to Az-axis, optical collimation, and

tube flexure can be corrected using the telescope (optical) model.

Various studies adopted the pointing model described ((10) and (11)) as a base method
and introduced additional parameters in-order for the model to adapt to prescribed pointing
performance requirements for example Mittag et al. (2008). Similar efforts are underway in

HartRAO of developing the pointing model of the 1-metre LLR telescope (Combrinck, 2014).

2.3. Telescope disturbances

In general, the operational performance of the telescope (as per specifications) is as good
as being able to locate, describe and mitigate the different disturbances depicted in Figure 10.
In particular, ground-based telescopes such as the LLR, experience disturbances from the

varying climatic environment which entails air temperature, wind, solar radiation temperature,
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sky temperature and ground surface temperature (Greve et al., 2005; Mittag et al., 2008;
Vogiatzis, 2010; Greve and Bremer, 2010). Additionally, interaction of these aforementioned
climatic factors with the telescope often leads to heat transfer processes taking place on, and
within the telescope system components, and as a result this could be detrimental to the
telescope’s operational performance (Cho et al., 2009; Zheng et al., 2012). In particular, the
largest disturbance for ground-based telescopes is wind, especially for unhoused or open-air

telescopes that are wholly exposed to the outside environment (Bely, 2003; Ukita et al., 2007).

Other disturbances are mechanical and may include friction in the telescope axes, optical
misalignments (secondary mirror defocus), tube structure deformations due to thermal
gradients and gravity gradient torque, and mechanical movements in the drive motors. On the
other hand, space-based telescopes also undergo virtually similar disturbances (Yoon et al.,
2012) described above, expect that their environment is not the same as for ground-based
telescopes and therefore, some of the disturbances are negligible. For example, the gravity
gradient torque especially in high orbits, and most climatic effects are negligible for space-
based telescopes. However, solar radiation both direct and reflected from Earth, is a major
torque for space-based telescopes (Bely, 2003). In overall, disturbances can be mitigated or
compensated by means of control systems (Greve and Kaercher, 2009; Yoon et al., 2012). For
the purpose of this study, the discussion going-forward is focused on ground-based telescopes
in relation to the varying climatic environment (temperature) and consequent effect on

telescope stability for pointing.

2.3.1. The varying climatic environment of the telescope

Over the past decades, studies have demonstrated that an optical telescope operating at
an observatory site is subject to a varying thermal environment which influences the thermal
behaviour of the telescope structure and its optical performance (Perry, 1943). At an
observatory site, an optical telescope interacts with various climatic elements (Figure 11), thus
the relative effects induced by each of these elements on the operational and optical
performance of the telescope varies both spatially and temporally (Tsela et al., 2016a; Tsela et
al., 2016). For example, ambient air characteristics interact with the telescope structure
differently, depending on the ground topography, local altitude of the observatory site and
height of the telescope structure. In particular, ambient air is characterized by temperature,

pressure, humidity and density coupled with its heat capacity, heat conductivity, viscosity and
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motion (Greve and Bremer, 2010). These characteristics, which can also be referred to as
parameters of ambient air vary daily, monthly, yearly and seasonally; therefore their properties
and profiles at a local observatory site ought to be known for robust thermal modelling of the

telescope structure.
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Figure 11: Illustration of the interaction between the varying climatic environment and the
telescope components, coupled with heat transfer processes. Variables St, Ts(t), Ta(t) and Tg(t)
denotes solar radiation temperature, sky temperature, ambient air temperature, ground surface
temperature respectively (Source: Greve and Bremer, 2010)

One of the basic parameters of ambient air which has been studied widely for thermal
considerations of site-based open-air telescopes is ambient air temperature (hereafter, denoted
T,,) for example Baars et al. (1988); Bayley et al. (1994); Borovkov et al. (2004); Bremer and
Greve (2011); Bremer and Penalver (2002); Cho et al. (2010); Cho et al. (2009); Greve et al.
(2005); Mittag et al. (2008); Tsela et al. (2016a); Tsela et al. (2016); Ukita (1999); Ukita et al.
(2007); Vogiatzis (2010); Vogiatzis et al. (2014); Wresnik et al. (2007); Zheng et al. (2012).
Analysis of T, is key for guiding the estimation of the widest possible temperature range
including, the approximate times when rapid temperature changes occur at the site where the

telescope is located. It has been shown that temperature variations of the telescope structural
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components tend to follow or gradually respond to oscillations of T,, at the site. However, the
rate and magnitude of temperature variations would depend (to larger extent) on the thermal
properties of structural components as well as the overall size of the solid telescope structure
(Tsela et al., 2016). Therefore, the relationship between T, and telescope thermal response at
the site ought to be investigated and well understood in-order to determine: (i) the extent of
influence that T,, has on the specified operational temperature range of critical components
such as optics, detectors and supporting structure, (ii) effect on the tube stability for achieving
the pointing accuracy requirement of the telescope, (iii) thermal time constants of the telescope
components, and (vi) options for developing a thermal dynamic model for correcting the

temperature variations.

As shown in Figure 11 that solar radiation injects heat to a telescope. Solar radiation is a
major natural heat source for open-air ground-based telescopes (Greve and Bremer, 2010) and
can provide heat of about 1000 W/m? at ground level on a clear day (Pantic et al., 2010; Cengel
and Ghajar, 2011). The solar radiation interaction (Figure 11) is initiated by the radiation
incident on the telescope surface area, and thereafter the telescope surface area would lose

portion of the incident radiant energy by emission and reflection as follows:

Qi = Ai(giEp; + piG; — G)) (12)

where Qi represent the net rate of radiation heat transfer, €, E,; is the blackbody emissive power
of surface area p; is the proportion of reflected radiation by A;, and G; denote the incident

radiant energy on A4;.

The effect of radiation emitted by the Sun (Figure 11) during day-time on the telescope
structure varies depending on the orientation of the telescope; paint usage and use of the
enclosure i.e. dome. For example, a telescope receiving direct radiant energy would have
uneven heat distribution across its structural surfaces i.e. due to some surfaces not exposed to
the sun directly. This may cause thermal expansion of the surfaces and possible optical
misalignments which collectively may affect the operational temperature range of critical
components, telescope pointing stability and optical performance. However, the detrimental
effect of the radiation emitted by Sun can be mitigated, especially for open-air ground-based
telescopes by use of white paint such as Chemglaze A276 (Greve and Bremer, 2010) and
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double-layered structural designs for insulating critical components (Tsela et al., 2016a).
Furthermore, placement of the telescope in an enclosure such as a dome, can potentially
eliminate the radiation effect (particular during day-time) in a way that each of the telescope

structural surfaces is isothermal (Greve and Bremer, 2010).

In addition to the Sun’s emitted radiation, wind also poses as a large disturbance for
ground-based telescopes. Wind disturbance is best mitigated when the telescope is placed in
an enclosure (Figure 12); otherwise exposure to winds of approximately 2 to 5 ms™ could shake
the telescope and cause pointing instability (Medwadoski, 1981; Bely, 2003).

Enclosure

Optical
tube

Axes - Wind
tilts

Base; -
pedestals

—

Figure 12: Wind interaction with the telescope enclosure (observatory building), whereby the
telescope is protected. However, this interaction may cause the building to shake, and
consequently the telescope through vibrations on the ground and base/ pedestals (Source: Bely,
2003)
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Wind has effects on the telescope structure, optical mirrors, and telescope piers or
pedestals (Figure 12). The effects can be categorized as static or dynamic. In particular, a static

wind effect on a certain telescope surface component has the following load:

v? (13)

where Cpdenote the drag coefficient (based on the geometry of the telescope body), p denote
air density, v denote wind speed and A is the telescope’s surface area normal to the wind
direction (Bely, 2003). Equation (13) typically describes a force (F) generated by a constant
wind, assuming a laminar flow incident on the telescope components i.e., cylindrical tube

carrying the optical mirrors.

Whereas, a dynamic wind effect would be given by:

_ Str X v (14)
- Td

where Str denote the Strouhal number (approximated for different structural shapes), Td

denote the transverse dimension of the element and, v denote wind speed (Bely, 2003).

Equation (14) typically describes pressure exerted by swirling vortices due to vortex
shedding around the telescope surfaces. These vortices have a non-steady flow component and
may result in large amplitude oscillations (Cengel and Ghajar, 2011). Above all, information
pertaining wind speed, wind direction and air density at the location of the telescope, consist
of pivotal inputs in the modeling of convective heat transfer between the ambient air and
telescope surfaces (Greve and Bremer, 2010).

Other interactions that are important for thermal consideration of the telescope include
ground and sky temperatures (Figure 11). It is known that the telescope is radiatively coupled
to the ground and sky (Greve and Bremer, 2010). For example, for a given ground, it has
unique thermal properties including emission and absorption coefficients at infrared
wavelengths; and as result the ground (where the telescope is based) would experience
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warming during the day and radiate the heat toward the telescope’s light of sight into the sky
during night-time. Similarly, due to temperature difference between the telescope components
and sky, the telescope would interact with the sky radiatively; hence radiative cooling of the
telescope toward the sky. Furthermore, relative humidity can be used to determine sky
temperature (i.e. low humidity ~ dry weather conditions or high humidity ~ wet weather

conditions) to which the telescope is radiatively coupled (Greve and Kaercher, 2009).

2.3.2. Seeing effects due to temperature fluctuations

One of the effects which has received considerable attention is mirror seeing mainly as a
consequence of temperature gradients between the optical mirror surface and T,.. The same
effect may also occur when temperature differences are induced in the mirror. As the air
temperature fluctuate on a daily basis, the mirror temperature (depending on its size and
thickness) may not change simultaneously with T, around it, and therefore could remain
warmer or colder than ambient air for a considerable time period. The temperature difference
between the mirror and its surrounding triggers a transfer of energy by convection, whereby a
thin turbulent layer occurs a few millimeters above the mirror surface which affects the optical
path (Greenhalgh et al., 1994).
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Figure 13: Hypothetical telescope mirror within a tube at different inclinations showing a layer
of uprising warm air as a result of natural convection thus leading to mirror seeing. In all three
mirror inclinations, according to Lowne (1979), the worst mirror seeing condition occurs when
the mirror is facing horizontally while the warm air rises in the vertical light path.

For example, the uprising warm air from the mirror surface along the optical path or
telescope’s line-of-sight at different inclinations (Figure 13) is likely to be detrimental to image
quality for astronomical observations (Lowne, 1979), divergence angle (Zheng et al., 2012)
and refractive index (Bohannan et al., 2000; Saydi et al., 2014; Cui et al., 2016) of the outgoing
beam for laser ranging telescopes. A solution to address mirror seeing is for the mirror
temperature to reach thermal equilibrium with the surrounding T, through either natural or
forced ventilation of the mirror. Natural ventilation allows the mirror temperature to adjust
itself by tracking T, changes through free air convection. While this approach may produce
desirable results particularly for small telescope mirrors however, for large mirrors coupled
with their long thermal time scales, natural ventilation may not produce timely temperature
adjustments on the mirror with respect to rapid changes of T,,. As a result, experiments have
shown that mirror seeing rapidly diminishes when the mirror undergoes forced ventilation
(Zago, 1997).
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2.3.3. Analysis strategies for telescope’s thermal variations

Ground-based telescope utilized for laser ranging observations of space-based targets at
sub-centimetre level accuracy can suffer from structural and optical deformations induced by
thermal variations. These deformations are known to be detrimental to the telescope tube
displacements and defocusing, thereby affecting pointing performance. It is an experimental
fact that classical telescopes built from materials such as aluminum and steel are subject to
varying dimensional changes due to external and internal temperature changes (Mittag et al.,
2008; Murphy Jr et al., 2008; Vogiatzis et al., 2014). Therefore, analysis of temperature
variations and induced deformations of the telescope’s critical components, coupled with their
consequent effect on the overall pointing error budget is important for (i) a thorough
exploration of the extent of their influence on the telescope performance, and (ii) the selection
of suitable control measures (that can be either passive or active), in-order to mitigate the
temperature variations (Baars et al., 1988; Enard et al., 1996; Bremer and Penalver, 2002;
Atwood and O'Brien, 2003; Ukita et al., 2007; Tsela et al., 2016a).

One of the key factors in the operational and optical performance of a ground-based
optical laser telescope, is thermal analysis of the telescope structure and associated optics,
based on the thermal properties of component materials and their interaction with the
environment mainly through conventional heat transfer mechanisms (Bely, 2003, Greve and
Bremer, 2010; Cengel and Ghajar, 2011). The relative effects induced by the heat transfer
mechanisms i.e. conduction, convection and radiation on the performance of the telescope vary
both spatially and temporally (Cho et al., 2010; Bremer and Greve, 2011; Vogiatzis et al.,
2014).
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Figure 14: A 3-dimensional model of the 1-metre aperture Lunar Laser Ranging telescope at
the Hartebeesthoek Radio Astronomy Observatory displayed in ANSYS software.

Credit: The original scaled and highly detailed technical drawing of the tube and mount was
done by Wikus Combrinck.

Usually locally-parameterized temperature control systems are put in place to regulate
the temperature of critical components of the telescope, so as to ensure (i) they are kept within
their design temperature range, (ii) they reach thermal equilibrium and (iii) maximum telescope

scientific performance for example Murphy Jr et al., (2008).

Telescope thermal variations caused by T, are usually analyzed using three widely
known methods. The first method entails simulating thermal variations using Finite element
(FE) modelling software on a geometrically accurate three-dimensional model of the telescope
for example. Figure 14 coupled with corresponding thermal properties of the component

materials and typical spatio-temporal climatic parameters (Ukita, 1999; Greve and MacLeod,
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2001; Cho et al., 2010; Vogiatzis et al., 2014; Tsela et al., 2016a; Tsela et al., 2016b; Greiner
etal., 2018; Wang et al., 2018). Furthermore, the reliability of thermal simulation results would
depend to a large extent on the defined boundary conditions, correct parameterization of
thermal loads which include for example T,, film coefficient of air temperature (hereafter,
denoted h) and material thermal properties (Vogiatzis et al., 2014). After all, simulation results

may have to be validated using real measurements for a reliable judgment on their accuracy.

The second method is infrared thermography which uses a camera to detect photons of
thermal infrared radiant energy exiting the target object, in the two primary thermal infrared
(optimal atmospheric transmission) windows i.e. 3 - 5 um and/or 8 -14 um. The radiant energy
is converted to temperature and thereafter an image of the object’s (i.e. telescope’s) temperature
distribution is displayed (Jensen, 2009; Greve and Bremer, 2010; Yang and Chen, 2011;
Tantele et al., 2018).

Lastly, the third method involves installation of several temperature sensors on
strategically identified locations throughout the telescope’s critical components. Thereafter, the
acquired temperature measurements can be fed into a thermal dynamic model for timely
monitoring, prediction and correction of the telescope’s thermal variations (Ukita, 1999;
Bremer and Penalver, 2002; Greve and Kaercher, 2009; Mittag et al., 2008; Murphy Jr et al.,
2008; Pisanu et al., 2010; Tsela et al., 2016b). For the current study, the first and last methods
were adopted in order to model the thermal behaviour and related distortion dynamics of the
HartRAO LLR composite structure for possible impact on pointing. In particular, this entailed
(i) analysing the extent of influence of T, at the HartRAO site on the thermal behaviour of the
LLR telescope structure and its mirrors (Tsela et al., 2016a; Tsela et al., 2016); (ii) proposing
a thermal model for monitoring thermal variations and related deformations of the LLR
telescope composite structure (Tsela et al., 2016b); and (iii) quantifying the extent of thermally-
induced tube displacements during day- and night-time.

Several studies have used the first method described above for the analysis of thermal
variations and related deformations, coupled with their consequent effect on the pointing
performance of ground-based optical telescopes. For example, Cho et al. (2010) reported
structural thermal variations due to varying T,, on the thirty metre telescope (TMT) ranging

between 0.01 °C and 7.32 °C corresponding with thermally-induced deformations ranging
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between 141 um and 993 um respectively; and thus these findings had a temporal impact on
the telescope pointing with offsets ranging from 0.7 to 1 arcsecond (hereafter, denoted ") at
selected elevation angles (Vogiatzis et al., 2014). Mittag et al. (2008) analysed the influence of
T,, on the pointing of the Hamburg robotic optical telescope for 16 nights (with temperatures
ranging from -6.4 °C to 25.8 °C) and found that thermal expansion of component materials
primarily triggered misalignments of the optical axis within the tube. This expansion was
responsible for the observed peak azimuth and elevation offsets of 40” and 10" respectively.
Furthermore, Tsela et al. (2016a) simulated the thermal behaviour of the LLR optical tube
assembly in HartRAO and found structural thermal variations of about 1 °C and consequent
total deformations that varied between 2.9 and 40.7 um. These results were due to T, at the site
which varied between 9 and 23 °C on a non-windy, cloud-free and winter day; and therefore
suggests potential tube displacements which ought to be investigated for their influence on the
pointing. In general, such simulation-based studies gives an indication of the extent of influence
of T,, on the thermal behaviour of the telescope, as well as, the extent of thermally-induced
deformations which may cause displacement/ misalignment of components (for example
telescope mount axes, tube and optical axis within the tube) critical for pointing performance.
This information has significant implications for exploring options for developing a thermal
dynamic model to monitor thermal variations, and determining the amount of correction needed

to be fed into a telescope pointing model to counteract thermally-induced pointing offsets.

In particular, the third method described earlier of installing sensors on the telescope’s
critical components becomes more relevant, if real-time measurements of temperature (and
structural deflections) are to be acquired for monitoring and correcting for thermal variations
and their induced pointing offsets (for example Bremer and Penalver (2002); Greve et al.
(2005); Murphy Jr et al. (2008); Greve and Kaercher (2009); Tsela et al. (2016b)). This third
method often incorporates algorithm-driven ventilation procedures also called active control
systems, for adjustable cooling and thermal stabilization of critical systems. By far, this method
has been tested over the years to be reliable in providing detailed real-time temperature

monitoring and modeling for prediction and correction thermally-induced pointing errors.
For example, Greve et al. (2005) mounted 156 thermal sensors on the Institut de

Radioastronomie Millimétriqgue (IRAM) 30 m telescope for temperature monitoring and

prediction of structural deformations from FE calculations (see also Bremer and Penalver
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(2002)). As a result, the study predicted deformations with an average accuracy of 0.03 mm
coupled with pointing corrections in El and Az accurate to about 1”. Further, a similar approach
was adopted by Antebi et al. (1998) for the 50 m Large Millimeter Telescope (LMT) and
reportedly found residual surface deformations and pointing root mean squared (RMS) errors
of 13.5 um and 0.5” respectively, which were acceptably below the specified RMS error
budgets of surface deformations and pointing accuracy of the LMT telescope. Pisanu et al.
(2010) demonstrated strong correlations between the antenna pointing errors and thermally-
induced deformations on selected structural components of the Medicina 32 m telescope, based
on measurements acquired using inclinometers, temperature transducers and a non-contact
laser alignment system, in order to guide development of a robust mathematical model for
instantaneously correcting the thermal pointing errors. In addition, virtually similar studies
with varying model outputs have been conducted for various radio and optical telescopes (for
example Bayley et al. (1994); Lamb and Woody (1998); Borovkov et al. (2004); Ukita et al.
(2007); Greve and Mangum (2008); Mittag et al. (2008); Murphy Jr et al. (2008); Vogiatzis
(2010); Mészéros et al. (2014)).

Furthermore, Vogiatzis et al. (2014) presented a thermal model founded by Cho et al.
(2010) that utilize FE analysis, Merit function routine and optical sensitivity matrix for varying
thermal boundary conditions to allow for the monitoring of diurnal temperature variation and
related deformations of the TMT structure, as well as deriving the corresponding pointing error
during operation. More recently, Tsela et al. (2016b) described a thermal model based on
planned installations of 136 resistant temperature detectors (RTDs) on selected FE nodes of
the HartRAO LLR telescope. The model is expected to monitor thermal variations and related
deformations of the LLR telescope composite structure, so as to compensate for thermally-
induced misalignments that lead to pointing errors for the LLR telescope. Tests and calibration
of RTDs for accurate temperature measurements have been reported using a two-way separable

mockup tube structure (Tsela et al. 2016).

With regards to optimal thermal modeling of a telescope, it is worth mentioning that a
major challenge is to develop solution strategies that can actively control i.e. mitigate through
forced air, and stringently constrain the thermal variations at approximately 1 °C (Murphy Jr
et al., 2008) especially for the optical tube assembly including its mirrors in an open-air
environment. Relative to active control, passive control measures can also be adopted to

constrain thermal effects arising from heat transfer mechanisms. These measures entail coating
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and insulating the telescope surface components, and a telescope structure design comprising
a combination of near-zero coefficient of thermal expansion (CTE) material components,
which would either allow minimal thermal effects and/or cancel the thermal effects through
self-adjustment of the telescope optical elements and structure (Atwood and O'Brien, 2003;
Bely, 2003). However, passive control measures may not yield desirable results in particular
timely self-adjustments of the telescope structure and optics, under extreme and rapid ambient

climatic changes for example Ukita (1999).

2.4. Concluding remarks

This chapter contains the basics of the LLR technique and scientific contributions
emanating from the LLR measurements. This was followed by a discussion on the
chronological establishment of observatories or stations equipped with lunar ranging
capabilities across various parts of the world. Additionally, relative performance of in-terms of
ranging accuracies by each of the LLR stations was also discussed, including the biased
geometry network of LLR stations globally. Key to the relative performance of ground-based
optical telescopes such as the LLR, this chapter acknowledged various disturbances that could
influence the pointing performance of open-air optical telescopes operating at an observatory
site.

These disturbances were identified to be mainly as a result of, the varying climatic
environment, mechanical misalignments, gravity- and thermally-induced structural
deformations. Furthermore, the effect of these disturbances on the operational performance of
site-based open-air telescopes was discussed. This was followed by a discussion on various
solution strategies particularly on the analysis of thermal variations in-order to determine: (i)
the extent of influence ambient air temperature has on the specified operational temperature
range of critical components such as optics, detectors and supporting structure, (ii) effect on
the tube stability causing displacements detrimental to pointing accuracy, (iii) thermal time
constants of the telescope components, and (vi) options for developing a thermal dynamic
model for correcting the temperature variations. This review literature show consensus on that,
the severity of disturbances encountered by ground-based telescopes vary depending on the

observatory site characteristics.
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Therefore, this background laid a foundation for the current research study to (i)
investigate the extent of influence of varying ambient air temperatures at the HartRAO site on
the thermal behaviour (thermal response times and deformations) of the first-ever LLR
telescope in the Southern Hemisphere, (ii) present a thermal model for monitoring thermal
variations and related deformations of the LLR telescope composite structure, (iii) quantify the
extent of thermally-induced tube displacements during day- and night-time, so as to inform
efforts to determine the amount of correction needed to be fed into the LLR telescope steering
and pointing model (Combrinck, 2014) to counteract thermally-induced pointing offsets.
Lastly, it is worth mentioning that portions of the background literature presented in this
chapter, especially in sections 2.2 and 2.3 have been published in journal papers by the current
author (Tsela et al., 2016a; Tsela et al., 2016b; Tsela et al., 2016).
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Chapter 3: Materials and Methods

3.1. Description of the HartRAO LLR

HartRAO is a national facility of the National Research Foundation of South Africa
(Figure 15) and operates the following instruments for geodetic and astronomical observations:
the 26 m and 15 m radio telescopes, National Aeronautics and Space Administration (NASA)
MOBile LASer 6 (MOBLAS-6), SLR, Russian satellite ranging system «Sazhen-TM+OWS»,
Global Navigation Satellite Systems (GNSS) base-station receiver, as well as a gravimeter,
seismometer and several weather stations on site. The co-location of these instruments enable
precise orbital measurements and small geometrical errors for computing geodetic and
astronomical parameters within the global geometry network (Combrinck, 2011,
Munghemezulu et al., 2016).
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Figure 15: Overview of geodetic and astronomical instruments based at the Hartebeesthoek
Radio Astronomy Observatory (HartRAQ) located north of Krugersdorp in South Africa. This
is the only observatory in the Southern Hemisphere where such instruments can be found co-
located in one site. In particular, the Lunar Laser Ranging enclosure can be seen on the far
middle right. Picture credit: Aletha de Witt, HartRAO researcher.
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The LLR telescope (Figure 16) which is located at HartRAO was previously used by
OCA for Satellite Laser Ranging (Combrinck, 2011). Various components ex-OCA telescope
are currently being revamped for integration at HartRAO, coupled with the installation of
modern instrumentation and development of subsystems with LLR capability such as: laser
and optics (Botha, 2016; Ndlovu et al., 2016; NKkosi et al., 2016), timing (Munghemezulu et
al., 2018), pointing and control (Nickola and Combrinck, 2011; Combrinck, 2014) as well as
thermal monitoring (Tsela et al., 2016b).

Figure 16: The ex-French 1-metre aperture Lunar Laser Ranger (LLR) stationed at
Hartebeesthoek Radio Astronomy Observatory. The integration of other components such as
the inner tube components is still in progress at HartRAO; hence are not shown.

This telescope is a typical Cassegrain system comprising various component materials
such as, a concave 1 m primary mirror and convex 0.3 m secondary mirror mounted on the

spider assembly, and a double layered tube structure for thermal insulation (Figure 17). In
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principle, the outgoing/incoming laser light to/from the retroreflectors mounted on the lunar
surface will be transmitted/received through the primary mirror which is preferred for the sake

of better laser light collimation (Combrinck, 2011).
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Figure 17: Cross section and side view of the Lunar Laser Ranger at HartRAO indicating the
material components considered for thermal analysis in this study. Note: the spider assembly
is shown in exploded view for legibility. This CAD model was considered in this study to
illustrate the various surface-component materials and their respective thermal properties. The
model does not include the telescope base i.e., pedestal and feet material components.

3.1.1. The LLR Telescope foundation

A temporary telescope foundation for the LLR telescope has been set-up at HartRAO
(Figure 18). The set-up comprises the massive steel foundation which is important for the
stability of the telescope structure and conducting pointing tests (Combrinck, 2011); and further
facilitates the process of removing the telescope to the appropriate site, described in Nickola et
al. (2011). The telescope is housed in a run-off enclosure (Figure 18), such that when not in
operation and/or during unfavourable weather conditions it can be enclosed. The mobile

enclosure of the LLR telescope takes approximately 2.5 minutes to open and move away, and
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can be disassembled at the time of re-location (Combrinck, 2011). Detailed information on the
telescope mobile enclosure and the LLR control centre can be found in Combrinck (2011) and
Combrinck and Botha (2014).

Figure 18: Development of the LLR telescope foundation which include, the massive steel
foundation key for the stability of the telescope structure and pointing tests (A), 30 m® of
concrete to produce a steel reinforced concrete floor (B), telescope mobile enclosure or housing
designed to run-off the steel tracks (C, D and E), and the housed LLR telescope installed on its
foundation (F). Picture credit: Ludwig Combrinck.
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3.1.2. LLR performance requirements

The LLR telescope is expected to achieve pointing accuracy at 1 arcsecond level with
estimated photons of 3-4 per minute (detected at 532 nm wavelength) based on the 130
Millijoule (mJ), 80 ps pulse width system (Table 2). Detailed explanation of these requirements
can be found elsewhere (Combrinck, 2011; Combrinck and Botha, 2014; HartRAO, 2005;
Botha, 2016). The future goal of this study is to have a dynamic thermal model that can
contribute toward the attainment of proposed performance requirements (Table 2) particularly
pointing accuracy (Combrinck, 2014). To date, a prototype pointing model operated on a 125
mm dual refractor testbed telescope (located in a closed, fairly stable environment) achieved
RMS error values at the 0.5 arcseconds level (Combrinck, 2014). It will be interesting to
observe the extent of variation of the achieved values, particularly when the pointing model is
tested on the actual LLR telescope which is exposed to the varying climatic environment. For
this reason, the research study (1) analyzed the relative thermal response times and
deformations of the telescope structure and optics due to T, at the HartRAO site, (2) analyzed
the extent of thermally-induced tube displacements during day- and night-time, and (3)
proposed a theoretical, thermal dynamic model for monitoring thermal variations and
thermally-induced deformations of the telescope structure and optics; with the aim (future goal)
of determining the amount of correction needed to be fed into the telescope pointing model
(Combrinck, 2014) to counteract thermally-induced pointing offsets.
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Table 2: Summary of the selected pointing and optical constraints and requirements of the
Lunar Laser Ranging optical telescope at the Hartebeesthoek Radio Astronomy Observatory.
The two columns do not relate to each other.

Pointing related Optical related
Pointing accuracy: < 1” Transmit/ Receive efficiency: >0.9/>0.8
Tracking accuracy: < 1” Estimated photons: 3-4 per minute based on the

proposed 130 mJ, 80 pico-second pulse width
system and an atmospheric seeing condition of 2-3”

Maximum slew rate in azimuth Return Detector: Avalanche photo diodes with 100-

and elevation: ~3 degrees per 200 micron aperture and detection efficiency of

second ~50%. Single photon mode with a wavelength of
1064 nm ;

Position resolution: <0.5"; Start detector Fast (< 50 Pico seconds) photo diode

detecting at 532 nm wavelength. Single or

multiphoton mode.

Range precision: 1 mm Effective focal length: 7.6 m

3.2. Description of materials used
3.2.1. 3-D CAD model of the telescope

Figure 17 discussed earlier, presents a 3-dimensional geometrical model of the telescope
prepared in SolidWorks (Onwubolu, 2013). This model, coupled with its thermal properties
(Table 3), was used in this study to perform thermal and structural simulations in ANSYS
software. The material components of the computer-aided design (CAD) model shown in
Figure 17 are deemed sensitive to T,, and play an important role for pointing accuracy (Perry,
1943). In addition, the thermal properties (Table 3) related to each component material play an
important role in the correct parameterization during thermal and structural analyses of the
telescope. In particular, the analyses were two fold i.e. first, only the optical tube assembly was
considered (Tselaet al., 2016a) and, the second analysis entailed the integrated telescope (Tsela
et al., 2016). Given the thermal properties related to each component material, it is suspected
that, this could have thermal variations and related deformations of varying magnitudes across

the telescope structure, in relation to the varying ambient air temperatures at the HartRAO site.
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Table 3: A succinct summary of selected thermal properties of the Lunar Laser Ranging
telescope’s component materials (Green, 2008).

Zerodur Aluminium T6 Low carbon steel
7075 1023
Primary/Secondary | Inner/Outer tube Primary mirror
mirror surface; Baffle tube mount/suppo_rt; Fork
assembly; Spider
assembly; Outer ring
support
Thermal 1.46 130 50
Conductivity
k [W/im.K]
Specific heat 820 1047 490
Cp [I/kg.K]
CTE 10° K1 0.10 24.4 11.7
Density p 2500 2800 7850
[kg/m?]

From Table 3 the components with lower thermal conductivity (k) and CTE such as the
mirrors and fork assembly (comprising fork arms, azimuth and elevation mounts) might result
in slow thermal response times (Tsela et al., 2016) and slow internal equalization of thermal
variations coupled with very small distortions (Jedamzik et al., 2010) relative to other
components; particularly with respect to HartRAO site-based air temperature profiles which
are on average broadly estimated in the range 0 °C to £35 °C (Tsela et al., 2016a). It is therefore
important to simulate the extent of these variations with the highest possible accuracy in-order

to guide the development of a dynamic thermal model (Tsela et al., 2016b).

3.2.2. Finite element model of the telescope

In this study, the FE model of the 1-metre LLR optical telescope was generated in
ANSYS (Figure 19) which considered appropriate element types for the varying structural
shapes of the components; such as the 3-dimensional 4-noded tetrahedrons and 8-noded

hexahedrons for the fork assembly and tube respectively (Tsela et al., 2016b). The FE model
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of the telescope (Figure 19) had a total of 423097 nodes and 269307 elements across all the
considered components (Table 4). Only a relatively small number of nodes regarded as
thermally important were selected for the mounting of temperature sensors (Table 4) since, the
installation of temperature sensors at all FE nodes may not be practical (Bremer and Penalver,

2002; Greve et al., 2005).

VT ATAVAVANAND
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WU
0.000 1.000 2.000 {m)
 — S—
0.500 L500

Figure 19: Finite element model of the integrated telescope containing the fork assembly (i.e.
fork arms, azimuth and elevation mounts), double layered tube, primary mirror support (not
visible), spider assembly, secondary and primary mirrors. The model used for analysis does
not include the pedestals and feet.
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Table 4: The total number of nodes and elements from the Finite element (FE) model of the
Lunar Laser Ranging telescope and the selected number of FE nodes considered for mounting

the temperature sensors.

Telescope component | Number of Number of Selected number of nodes
nodes (N) elements (E) (K) with corresponding
sensors (T) = Tk

Outer tube surface 5184 672 8

Inner tube surface 28960 14289 16

Primary mirror 15377 9281 48
Secondary mirror 10126 5331 14

Primary mirror 21496 11226 24

Support

Spider assembly 329281 220171 6

Fork assembly 12673 8337 20

Total 423097 269307 136

In particular, a preliminary study on the analysis of thermal simulations of the LLR

telescope had indicated key areas on the telescope components which are likely to have large

thermal variations and related deformations due to T,, (Tsela et al., 2016a; Tsela et al., 2016).

These simulations were considered in this research study to guide the selection of thermally

important nodes throughout the FE model of the telescope’s structural and optical components

(Figure 20).

50



2,000 (m)
_—

& Primary mirror blank

P

Secondary mirror blank

Figure 20: Proposed locations of temperature sensors on the telescope components. The red
dots represent relative positions where the sensors ought to be mounted closer to the selected
Finite element model nodes of the telescope structure and optics for acquisition of real-time
temperature measurements.

3.2.3. Temperature sensors and calibration

The mounting of 136 RTDs was planned on the telescope components, virtually
corresponding with the selected FE nodes (Table 4). In this research study, the F2020, 100 Q,
Class ‘A’ Platinum RTD thin film sensors manufactured by OMEGA were selected in
accordance with the system design specifications (HartRAO, 2005). In particular, these sensors
can detect any temperature within the range -100 °C and +100 °C at an accuracy level of £0.5

°C (or better given the observed ambient air temperature profiles of the HartRAO site (Tsela et
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al., 2016a)). Additionally, these sensors (i) have a smooth contacting surface which is ideal for
good thermal contact, and (ii) are compact in size, with dimensions of 2 mm (W) x 2 mm (L)
x 0.8mm (H). The OB-200 epoxy adhesive from OMEGA with thermal conductivity of 222
W/m.k was used to glue RTD sensors onto a target surface. Notwithstanding their utilization
for thermal monitoring of one of the world’s best LLR systems (Murphy Jr et al., 2008), RTDs
have been widely reported to possess excellent accuracies over wide temperature range,
improved linearization, long-term stability and an annual drift below 0.1 °C (Greenhalgh et al.,
1994; Ibrahim, 2002).

Figure 21: (A) Mounting of the 15 DS18B20 reference sensors within the mock-up tube
(clearly depicted in section 3.2.5). The back-end of the tube is fitted with polystyrene which
represents an insulator, with virtually similar thermal properties to the 1-metre Zerodur primary
mirror of the HartRAO LLR telescope. (B) Concealment of the 15 mounted DS18B20
reference sensors and wires within the tube using a grey insulation tape.

Furthermore, the DS18B20 sensors (1-wire digital thermometer) were used to calibrate
and compare temperature measurements obtained from the RTD sensors during day and night
for successive days (Figure 21, Tsela et al., 2016). This DS18B20 1-wire digital thermometer
detects temperatures between -10 °C and +85 °C at an accuracy of £0.5 °C. A total of 15
DS18B20 sensors were randomly mounted on the mockup tube close to any of the mounted
RTDs (Figure 21, Tsela et al., 2016). As a result, the discrepancy between the RTD and
DS18B20 concurrent temperature measurements at sampled locations was found to be on
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average 0.5 °C, and therefore both sensor types were considered in this study to be reading
the same temperature. These tests were important for detection of possible defects in the RTDs

prior to installation on the HartRAO LLR telescope structure.

3.2.4. MAQ®20 Industrial data acquisition and control system

The commercially available MAQ®20 data acquisition system (Figure 22) which is
manufactured by Dataforth Corporation, was used in this study for the real-time logging of
temperature measurements from the mounted F2020, 100 Q Platinum RTDs discussed in
section 3.2.3. This system takes in a set of RTD31 modules, each with 6 input channels and

has a module-dependent system accuracy of £0.0035% (Figure 22).

>

RTD}»I module

Figure 22: Illustration of the MAQ®?20 data acquisition system comprising the power module
and multiple input modules (https://www.dataforth.com/mag20.aspx). In particular, the Analog
input module i.e. Resistant temperature detector (RTD) 31 with 6 input channels, supports
connection of the 3-wire 100 Q Platinum temperature sensors used in this study.

These modules support the 3-wire RTD configuration which has an embedded lead-wire
compensation circuit to eliminate the effects of wire resistance (Pradhan and Sen, 1999). For
instance, the wiring used in this study (i.e. Cat5e 12-core shielded cable) spans a distance of
9.4 m, which has lead-wire resistance of 1.77 Q +0.8%. This resistance (if not accounted for
by the RTD31 modules) was estimated to erroneously offset temperature measurements by
approximately 4.6 °C.
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3.2.5. Mock-up telescope tube structure

The 1-metre aperture mock-up tube (Figure 23) which resembles virtually similar
material and structural properties of the HartRAO LLR telescope tube (Figure 16, Tsela et al.,
2016a) was used in this study, to conduct sensor calibration (section 3.2.3) and thermal
experiments for comparison with the derived thermal simulations (Tsela et al., 2016). The
mock-up tube is a two-way separable structure with a combined length of about 2500 mm and
a diameter of 1020 mm (Figure 23). As shown in subsequent sections, temperature sensors
were mounted on the outer tube surface and arranged systematically (guided by the initial
thermal simulation results reported in Tsela et al., (2016a)) in order to measure the thermal

variations across the tube surface at thermally important nodes.

Figure 23: Aluminium mock-up tube structure used for conducting thermal experiments

3.2.6. Multi-Station and Prism Precision Reflectors

The Leica Nova MS50 Multi-Station manufactured by Leica Geosystems is an
instrument for measuring, calculating and capturing data. In this study, the multi-station was
used to conduct laser distance measurements to prism reflectors (Figure 24). This multi-station
can range to a prism reflector located at distance of 1.5 m up to 10,000 m with a distance
measurement accuracy of 1 mm + 15 parts per million (ppm)
(http://surveyequipment.com/assets/index/download/id/219/). The ranging or distance

measurement is done through the emission of a visible laser beam (centred at 658 nm) from the
multi-station telescope, at a maximum average radiant power of 0.33 mW. In this study, the
prism reflectors (Figure 25) were set-up to point directly at the multi-station. In particular, a
total of 4 Leica GPH1P Prism Precision Reflectors (Figure 25) were used for the set-up. These

reflectors have a centring accuracy of 0.3 mm (which relates to the optical centre of the prism)
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at a range distance of up to 3500 m. Repeated laser distance measurements to the optical centre
of the prisms mounted on the LLR telescope tube, are expected to yield distance variations

between the true centre and the apparent centre of the prism, especially due to tube thermal
variations.

Figure 24: Leica Nova MS50 Multi Station (A) based in HartRAO (B) used to monitor
coordinate displacements i.e. the northing, easting and height of the GPH1P retroreflectors
mounted on the Lunar Laser Ranger tube structure.

() (b)

R 39.5

Figure 25: (a) Leica GPH1P Prism Precision Reflector that was used for measuring coordinate
displacements and (b) its corresponding dimensions  (https://accessories.leica-
geosystems.com/common/shared/downloads/inc/downloader.asp?id=17723)
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The automatic logging of 3-D coordinate displacements from each of the 4 prisms (Figure
26) took place during consecutive day- and night-time’s at 5 minute intervals. This setup aided
efforts to determine the extent of thermally-induced tube displacements during day- and night-
time. In general, laser alignment systems could be regarded as an alternative method (Greve
and Mangum, 2008; Pisanu et al., 2010; Zheng et al., 2012; Cui et al., 2015; Hu et al., 2015)
relative to traditional approaches (Bremer and Penalver, 2002; Greve et al., 2005; Tsela et al.,
2016b) to detect and measure the extent of object displacements particularly of the telescope’s
critical components as they undergo varying disturbances such as, thermal expansion or

deformation triggered by the local climatic environment.

Figure 26: LLR telescope at HartRAO excluding the tube mirrors and spider assembly which
are currently being revamped. In particular, 3 Leica GPH1P Prism Precision Reflectors are
mounted onto the front-end of the tube (closer to where the spider assembly is mounted) and 1
more prism is mounted onto the telescope base linked to the pedestals (which are fixed onto
the ground - hidden by the wall).
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3.3. Description of data used

Table 5 presents a list of data sets used including their respective description and
provider. Furthermore, the HartRAO site-based air temperature profiles are displayed in Figure
27 to indicate broadly, the temperature range and peaks, as well as the approximate times when

rapid temperature changes occur at the site.
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Table 5: Summary of data sets used in this research study

No. | Data set Description Use Provider

1. Hourly Temperature data of the HartRAO site for | Guided the estimation of the widest possible temperature range HartRAO
diurnal-air- summer, winter and autumn months of including the approximate times when rapid temperature changes occur
temperature 2009, 2013 and 2018. at the site where the LLR telescope is located. Data was also used an

input parameter during thermal analysis of the telescope, well as for
determining the relationship between temperature and telescope tube
displacements

2. RTD Temperature measured at marked locations | On the mock-up tube: (i) conducted tests of accurate temperature Self-
temperature (i.e. thermally important FE nodes) on the | readings in relation to readings obtained through a sample of DS18B20 | produced
measurements | mock-up tube as well as the LLR telescope | sensors; (ii) interpolate tube temperature at unmarked locations, (iii)

tube analysis of the magnitude of tube thermal variations under different
ambient temperature conditions, and (vi) compare acquired thermal
variations with the derived thermal simulations.
On the LLR telescope tube: determining the relationship between tube
temperature and tube displacements

3. Coordinate Daily distance measurements to prism Determine the magnitude of tube displacements as a result of the HartRAO
displacements | reflectors mounted on the LLR tube and ambient air (coupled with the sun effect) and tube temperature

base structure. These measurements entail | distribution.
displacements in the height, northing and
gasting of the tube and base.

4, Interpolated Real-time RTD temperature measurements | Testing of proposed thermal model (Tsela et al., 2016b) on the tube Self-
tube at marked locations were used to structure produced
temperature interpolate temperatures at unmarked
gradients locations (i.e. locations without sensors)
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Figure 27: Hourly diurnal-air-temperature changes at the HartRAO site for summer, winter and
autumn seasons of 2009 (a) and 2013 (b). These temperature plots were used to guide the
estimation of the widest possible temperature range including the approximate times when
rapid temperature changes occur at the site where the LLR telescope is located.
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3.4. Description of methods used

3.4.1. Analysis of thermal variations

The analysis of thermal variations on the telescope composite structure (Figure 17) was

performed in ANSYS software using heat transfer Equations (15) and (16):

Quw = hAy(Ty — Tp)éx + hA, (T, — T,)é, + hA,(T, — T,)é,. (15)
- aT aT aT (16)
ch = —k(Axaex + Ay@ey + Azgez).

In Equation (15) Q.,, represents the convection heat transfer rate between the telescope

components and T,, at the HartRAO site. Here, h and T, denotes the film coefficient of air

temperature (W/m? °C) and ambient air temperature (°C) respectively; é,, é, and é, denotes
the unit vectors; A,, A, and A, represent the surface areas in meters; T,, T, and T, are the

temperatures in °C of the corresponding surfaces in three dimensional space of the assembled

telescope structure respectively (Cengel and Ghajar, 2011).

Furthermore, in Equation (16) 5cd represent the conduction heat transfer rate through the
telescope component materials as a result of their temperature difference 9T in three
dimensional space; and the thermal conductivity k in W/mK (Cengel and Ghajar, 2011).
Subsequent to the abovementioned heat transfer Equations, the analysis of heat transfer by
radiation from the sun, sky and ground ought to be conducted particularly to understand the net
radiation budget of the LLR telescope, and the overall effect on the telescope structure and
optics. Although, this particular important analysis was not conducted (using ANSY'S) in this
study, efforts were taken in this study to acquire and monitor real-time RTD temperature
measurements of the LLR telescope tube structure which was exposed to the sun, ground and
sky radiation (during day and night) at the HartRAO site. This information was then linked
with simultaneously acquired, electronic distance measurements of tube displacements in-order

to determine the extent of thermally-induced tube displacements during day- and night-time.

The telescope composite structure (Figure 17) was assumed to be at an initial temperature

of 9 °C and subsequently subjected to T,, typical of the HartRAO site (Figure 27) encompassing
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a 24 hour time period for a particular day in June (winter). In this study, we assumed stationary
air at room temperature around the telescope structure by adopting a constant h value of 0.025
W/m2C. This assumption thus excludes the wind effect during this thermal analysis because, at
HartRAO, no ranging to the lunar reflectors is expected to take place under windy conditions.
However, the wind effect including the varying h values representative of natural and/or forced
convection are possible future considerations for the current analysis so as to approximate
reality (as far as possible). In overall, this analysis provided insight about the magnitude of
thermal variations on and between the telescope components, particularly how these

components thermally behaved in response to T, (Tsela et al., 2016a; Tsela et al., 2016).

3.4.2. Analysis of thermally-induced deformations

The analysis of thermal deformations of the telescope component materials (Figure 17)
was performed in ANSYS software, taking into cognizance the material length and volume
changes due to thermal variations, expressed as a;AT and a,AT in Equations (17) and (18)

respectively (Dalcher et al., 1977):

Change in length (um) with temperature: Ly l— lo _ a(Ty —T,) = AT (17)
o

. 3 . . Ve — 7,
Change in volume (m3) with temperature: fv © = a,(T; — T,) = ayAT (18)
(]

In Equation (17), the symbol ay represents the linear CTE which quantifies the amount of
strain on a material with a change in temperature AT. The symbol ay in Equation (18) denotes
the volume CTE or the extent to which the volume of a material changes subject to AT. This
analysis was conducted using ANSY'S software to provide a spatial and temporal indication of
the total thermal deformations of the telescope component materials in the X, y and z directions
(Tsela et al., 2016a).

3.4.3. Description of the proposed mathematical thermal model

The thermal model presented in this subsection was initiated by Greve et al. (1996)

followed by notable refinements later on (Bremer and Penalver, 2002; Greve et al., 2005) for

61



detailed thermal modelling of radio telescopes, characterized by varying design specifications
and climatic environments. Basically, the model entails installation of several temperature
sensors on strategically identified locations throughout the telescope’s critical components.
Thereafter, real-time temperature measurements are acquired and fed into a mathematical
thermal model for monitoring thermal variations and calculating thermally-induced
deformations of the telescope structure. This information can be used to determine the extent
of thermally-induced pointing offsets, and the needed corrections either in the pointing model
parameters (Wresnik et al., 2007; Combrinck, 2014) or through microprocessor-controlled

venting systems (Bremer and Greve, 2011).

Notwithstanding the importance of the simulation-based method for example, Cho et al.
(2010) and Vogiatzis et al. (2014) by far, the abovementioned method has been tested over the
years to be reliable in providing detailed real-time temperature monitoring and modeling for
prediction and correction thermally-induced pointing errors, even for optical laser telescopes
(for example Mittag et al. (2008)). In particular, this study describes procedures of the
mathematical thermal model adapted for thermal modelling of the HartRAO LLR optical
telescope (Tsela et al., 2016b) in-order to mitigate thermal variations of critical components to
~ 1 °C and contribute toward the attainment of the required pointing accuracy of ~1”
(Combrinck 2014).

3.4.3.1. Modelling of thermal gradients

Temperatures measured at the selected FE nodes (Tk) of the LLR telescope structure
(Figure 19, Table 4) are used to interpolate temperatures of the elements (E) of the telescope
structure using interpolating functions. These functions are basically polynomials whose
degree is dependent on the number of nodes (Bremer and Penalver, 2002; Greve et al., 2005).
In particular, the temperature of every element with K nodes can be expressed using Equation

(11) as follows:
T(x,y2t) = [Wk,y 2)][T®)] (19)

where [W(x,y,z)] represents the row matrix of the temperature interpolating function
W (x,y,z); and [T (t)] denotes the column matrix of nodal temperatures as a function of time.
Thereafter, the interpolated temperatures in Equation (19) are used to determine the

thermal gradients within each element across all the telescope structural components by solving
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a matrix of Equations. Since, the thermal gradients are multidirectional within the elements

(i.e. may occur in the x, y and /or z directions) they can be derived using Equations (20) - (22):

K
0T (x,y,z) _ Z oW (x,y,z) I (20)
0x - ox t
K
oT(x,y,z) _ z ow;(x,y,z) T (21)
dy i=1 9y l
K
oT(x,y,z) _ z ow;(x,y,z) ) (22)
0z - 0z L
i=

where i =1,2...,k and k represents the number of nodes with sensors where measurements are

sampled. Therefore, Equations (20) - (22) can be written in a matrix as follows:

dT (x,y,2) [owy (x,y,2z) 0w, (x,y,2) owg(x,y,2)T (23)
I % 9 .
{ 0T (x,y,2) | 10w;y(x,y,2) 0w, (x,Y,2) owy(x,y,7) B
3y = 3y By 3y [T(t)] = Blx,y,z][T(t)]
dT (x,y,2) owy(x,y,2) 0w, (x,y,2) owg(x,y,2)
P i 3 9y 3

where B[x,y,z] represents a matrix of the interpolated thermal gradients throughout the

telescope structure.

Furthermore, thermally-induced structural deformations can be calculated from the
abovementioned interpolated temperature gradients throughout the telescope. Equations (19) -
(23) represent the first phase of the thermal model to calculate (interpolated) thermal gradients
of the HartRAO LLR telescope in real-time. This phase of the model has so far been tested on
the mockup tube structure, and efforts are underway to test the model on the HartRAO LLR

telescope structure.
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3.4.3.2. Interpolation of temperatures

As discussed above, Equation (19) is used for interpolating temperatures between the
mounted sensors (or at locations without sensors) on the telescope material components. In
particular, Equation (19) is alternatively expressed in Equation (24) below for legibility and
ease of explaining the procedure, and thus was tested in this study on the mockup tube structure,

for the interpolation of the telescope tube temperatures:

“ 24
TGry.2,6) = ) Wiy T (©) ()
i=1

For improved computational efficiency (given the large number of FE model nodes of
the LLR telescope structure (Figure 19, Table 4)) during the interpolation procedure of finding
unknown temperatures from fewer marked positions with RTD sensors, a slightly modified

version of Equation (24) can be written as:

2 Wy (25)
X Wy

where n or m denotes selected nodes (positions) with RTD sensors out of a total of N Finite

element (FE) model nodes; T; (i=1, 2, 3, .., .., N-m) is the temperature at a position without a
sensor; T; (1 =1, 2, 3, .., .., m) is the temperature at a position with the RTD sensor denoted
Tmeasured-

Furthermore, the weighting function W;; is defined as follows (Bremer and Penalver,
2002):

= - - (26)
(24 (—x) 2+ (Vi—y) 2+ (zi—2)2]P I<p=3and £=0.1cm

Wi

where the x;, y; and z; denote coordinates in mm of the Treference SENSOrS 0N the tube (i.e. position
without sensor (Treference Dasically denote reference temperature used to validate the interpolated
temperature)), and x;, y; and z; denote coordinates in mm of the Tmeasured S€NSOrS (i.€. position

with a sensor).
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Therefore, these coordinates were used to compute the relative distances between
measured temperatures and locations of unknown temperature (monitored by Treference) t0 be
interpolated. The parameters p represents the order of polynomial, whereas, £ denotes a
numerical quantity to avoid singularities i.e. division by 0 particularly for locations (X, vy, z)
close to each other. In this study, Equation (25) was tested on the mockup tube structure,
representative of the LLR tube with the aim of achieving the targeted interpolation accuracy of
at least 0.3 °C. This interpolation accuracy was intuitively selected for this study in-order to
ensure that the computed or overall temperature distribution is minimally (or not) inflated
erroneously (Greve et al., 2005; Bremer and Penalver, 2002; Greve and Bremer, 2010; Greve
et al., 2005). Further testing ought to be carried-out on the actual components to obtain a
holistic spatio-temporal thermal behaviour of the LLR telescope composite structure in
response to T,. This information constitutes an important phase for the computation of

thermally-induced structural deformations.

3.4.3.2. Modelling of thermally-induced structural deformations

To compute thermally induced deformations we follow the method proposed by Greve
et al. (2005) although adapted in this study to the critically-identified component materials of
our LLR telescope (Tsela et al., 2016b). For each important component or substructure of the
telescope we assign the matrix Mg, pstructure- FOr €xample, the matrices of the tube and

primary mirror are denoted by the matrices My, and My, qry respectively. Corresponding
to each matrix are the deformations &:ype and &y imary. Take note, the tube and primary

mirror are used as exemplary substructures in-order to simplify the description of the modelling
procedure. Furthermore, this procedure is applied analogously to residual substructures of the

telescope such as, the fork arms, El/ Az mounts and spider assembly.

Assume, the selected number of nodes with sensors (Tk) on the tube is 16 (according to

Table 4) we can therefore express M. as:

Stube M), Stube( N)
M . §tube(2,1) .................. 5tube(2, N) (27)
tube =
5tube (16,1) .............. 5tube (16, N)
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where N is the total number of FE nodes used to model the whole telescope structure. M,imary

is similarly represented. Consequently, the deformations on the tube structure AM,,,;,. for a

specific thermal load can be obtained by:

_6T(x,y,z)_
Stube L) StubeWN) |~ ox
1) (2D o (2,N) || oT(x,V,z
AMupe () =| P tube % (28)
Otube(6,1)............. Otube@6,N) || T(X,y,2)
. oz
[T (x,y,2) |
OX AT,
AT
where % =|" % | similar to equation (23)  (29)
dT (X, Y,2) AT
L oz |

where the ATi (1=1,2...N) are obtained from superposition of the individual deformations.

Each element 8, (node, N) of the Mg, structure Matrix is obtained from the ANSYS
software (Greve et al., 2005; Greve and Bremer, 2010; Greve et al., 2005). The AT column
matrix is obtained by measuring the temperature of the relevant structure at some k sensor
assigned node (where k is a subset set of the N nodes with sensors) then taking the derivative

of the interpolated temperature as described above.

3.4.4. Tube experiments

3.4.4.1. Mockup tube (RTD) measurement setup

A total of 64 RTD sensors were systematically arranged and thermally bonded on the
outer surface of the mockup tube (Figure 28, Figure 29). The illustration in Figure 28 was
instrumental in the positioning, labeling and troubleshooting of RTD sensors (Tsela et al.,

2016). In particular, the arrangement of sensors on the tube was such that, they are equally
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spaced and dense as much as possible in-order to acquire a representative distribution of

thermal variations of the tube structure relative to T,,.

Tube Front View Tube Side View
Left portion Right portion
—Row =

X; Sensor position

— Visible sensors on the tube

Hidden sensors on the tube

Figure 28: Placement of temperature sensors (RTDs) on the mock-up tube. The distance
between sensors along the tube is approximately 140 mm whereas the distance between rows,
around the tube is 127.5 mm.
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Figure 29: Troubleshooting and simple calibration setup of the tube showing the mounting and
alignment of RTD sensors including the wiring and digital multimeters.

The complete tube experiment setup comprising the tube, RTD sensors, digital
multimeters as well as the wiring is shown in Figure 29. During the installation of RTD sensors,
it was necessary to verify and compare the temperature of particular RTD sensors. In particular,
digital multimeters were used solely for this purpose. Fixed within the tube at specific,
corresponding RTD sensor locations are the DS18B20 reference sensors (discussed earlier in
section 3.2.3). These reference sensors were used during the experiment as final calibration
reference and to detect possible faulty sensors. The above procedure was necessary to ensure

verified RTD sensor readings were acquired (Tsela et al., 2016).

3.4.4.2. Interpolation of temperature on the mockup tube

Twenty four RTD sensors denoted Tmeasured (Figure 30) were thermally bonded onto the
outer (mockup) tube surface for acquiring tube temperature measurements and for interpolating
the temperature between the Tmeasured S€NSOrS. The entire interpolation procedure was based on
Equations (24) - (26) described earlier in section 3.4.3.2. On the other hand, another set of
twenty four RTD sensors denoted Treference Was mounted between the Tmeasured RTD sensors on
the tube (Figure 30).
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Figure 30: Portion of the mock-up tube depicting marked positions of the mounted RTD
sensors denoted Tmeasured @Nd Treference respectively. Labels on the far left depict tube row
identity with the corresponding RTD31 module number used for this experiment.

In this study, the Treference tube temperature data was primarily used for comparison with
the interpolated tube temperature data and calculation of interpolated temperature error at the
corresponding locations on the tube. Measurements for both Tmeasured and Treference Were
recorded through the RTD31 modules connected to the MAQ®20 data acquisition system
(Figure 22).

Prior thermal simulation results of the telescope tube assembly indicated the components
where most thermal variations would occur (Tsela et al., 2016). In particular, the simulation
results of the outer tube surface revealed minimum-maximum thermal variations for a full-day
of about 1.06 °C when exposed to T, at the site. These results showed isotherms propagating
from the ‘open’ front-end of the tube toward the ‘closed’ back—end where the primary mirror
is structurally located. This information was used to strategically identify Tmeasured POSitions on

the tube structure for placement of RTD sensors (Figure 30) such that a representative sample

of temperature variations can be acquired.
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Figure 31: Thermally bonded RTD sensors for Tmeasured aNd Treference ON the test tube, all wired
using the 12-core cat5e shielded cable. Visible strips/ patches of the insulation tape aided the
alignment of the wiring.

The portion of the tube depicted in Figure 30 and Figure 31, is typical of the back-end
where the primary mirror is structurally located; and has a sub-length of 1120 mm with
distances of about 140 mm between RTD sensors (Tmeasured) along the tube and 127.5 mm
between rows around the tube, respectively. Furthermore, the acquired Tmeasured data constitute
an important parameter in the proposed thermal model (section 3.4.3) specifically for the
interpolation of temperature (subsection 3.4.3.2) at unmeasured or Treference l0Cations on the
tube. In particular, Figure 31 depicts the actual tube experimental setup conducted in this study,
where the RTD wiring is straightened along the tube concealed with an insulation tape; the
back-end of the tube is fitted with polystyrene, which represents an insulator typical of the 1—
metre Zerodur primary mirror installed on the HartRAO LLR telescope.
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3.4.4.3. LLR tube (RTD) measurement setup

The complete tube experiment setup at HartRAO comprising the actual LLR tube and 64
RTD sensors, for the acquisition of real-time temperature measurements of the tube structure
is shown in Figure 32. This experiment setup was based primarily on the procedure described

in section 3.4.4.1 (demonstrated in Figure 28).

The difference between the two experiments is that, on the mockup tube, there were no
arc-metal sheets (Figure 33 (A)) to cover the mounted sensors, and the mockup tube was never
integrated (unlike the actual LLR tube (Figure 33 (B)) into any structure. The mockup tube
experiment was pivotal for calibration of RTD sensors as well as, testing the arrangement and
strategic placement of sensors for representative readings of the tube temperature distribution
with respect to ambient temperature (Tsela et al., 2016). The testing was also extended to the

interpolation procedure of the proposed thermal model.

On the other hand, the LLR tube, mounted with sensors and covered with arc-metal
sheets, was integrated into the telescope structural body (Figure 33) in-order to enable
investigation of the relationship between tube temperature and temperature-induced tube
displacements. Note, the internal components of the LLR tube, such as the mirrors, back plate
and spider assembly, could not be integrated into the tube structure due to ongoing
refurbishments. The integration of outstanding internal components will take place soon as the
refurbishments are completed, as this would aid future experiments to produce more realistic

indications of thermally-induced tube displacements.
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Figure 32: Sensor wiring arrangement (A) and mounted RTD sensors (B) on the first-layer
surface of LLR optical tube at HartRAO. The LLR tube was placed on a metal stand that aided
the LLR tube experiment setup. An expanded view of the mounted RTD sensors can be seen

on the tube for legibility (C).
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(B)

Figure 33: The arc-metal sheets were used to cover the mounted sensors on the LLR tube (A).
These sheets insulated the sensors from external disturbances such as exposure to direct sun
light and wind. The LLR tube was integrated into the telescope’s elevation and azimuth mount
at HartRAO (B). Note, the small circular openings on the front-end of the tube cover sheets
indicate the relative locations of the fans, which were not installed for this experiment.
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3.4.4.4. LLR tube displacement

This experiment was performed in this study to determine the extent of thermally-induced
tube displacements during day- and night-time (Figure 34). The description of equipment used
for this experiment is provided in section 3.2.6 of this chapter. Basically, daily distance
measurements to prism reflectors mounted on the LLR tube and base structure were acquired.
These measurements entail displacements in the height, northing and easting of the tube and
base. In particular, the use of 4 prisms as shown in Figure 34 provided information on the
relative displacements taking place at different parts of the telescope (Figure 26). For example,
the prism mounted on the base structure was used to monitor the stability of the telescope base
structure and to establish whether the displacements taking place at the tube are influenced by
the stability of the telescope base structure. The tube was parked at an elevation of 30° (facing
the multi-station) in order for any tube displacements in either the x, y and/or z direction to be

measured.

Figure 34: The LLR tube displacement monitoring experiment based on the site-based Leica
Nova MS50 Multi-Station and 4 Leica GPH1P Prism Precision Reflectors mounted on the
telescope tube and base. The horizontal distance (d) between the multi-station and the
respective prisms mounted on the telescope is shown in the figure.
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Virtually similar experiments based on laser alignment systems have been successfully
tested (for example Hu et al. (2015)) with the aim of measuring the extent of the object’s
displacement and determining strategies to compensate for the displacements. In our case, this
could be the displacements of the telescope’s critical components (such as the tube) due to
varying air temperatures causing thermal expansion or deformation of the component, which
are known to be detrimental to telescope pointing accuracy (Mittag et al., 2008). In particular,
the output of this experiment could be an important parameter in the precise determination of
the amount of thermally-induced pointing error of the HartRAO LLR so that, the error can be
compensated in the LLR pointing model under construction (Combrinck, 2014) or through a

micro-controller ventilation system.

3.5. Concluding remarks

This chapter gave detailed information pertaining the (i) study site, (ii) LLR performance
requirements, (iii) material, data and methods used, (iv) proposed LLR thermal model and
methods used, and (v) experiments conducted. In particular, it was acknowledged that the study
site i.e. HartRAO has a unique local climatic environment and its parameters ought to be taken
into cognizance during thermal analysis of the LLR telescope. These parameters, such as
T.,.coupled with the thermal properties of the LLR telescope component materials could have
influence on the LLR performance requirements, especially pointing (Bely, 2003) which is
expected to be accurate at ~1” (Combrinck, 2014). Key to the attainment of such high pointing
accuracy to the lunar reflectors is, thermal analysis and control of the telescope critical
components (Murphy Jr et al., 2008). Thus, various material and data sets were described in
this chapter for conducting first-phase analysis of thermal variations and thermally-induced
deformations, with respect to T,, through simulations of the HartRAO LLR telescope structure
and optics. These simulations are considered important in providing information regarding the
thermal behaviour of the LLR telescope components and also in guiding the design of the

thermal model proposed in this study.

Furthermore, the proposed thermal model of the HartRAO LLR telescope was presented
in this chapter. A sequence of mathematical steps was laid out, spanning the strategic placement
of temperature sensors, measurement and interpolation of temperatures, calculation of thermal
gradients and thermally-induced deformations. This model is regarded as a practical approach

for real-time temperature data acquisition of the telescope structure and optics, as well as
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calculating the magnitude of temperature variations and related structural deformations with
respect to T,,. In particular, the deformations are known to potentially cause displacements or
misalignments of the tube and/or its optical axis, and thus detrimental to pointing accuracy
(Mittag et al., 2008). In this chapter, portions of the proposed thermal model were tested
through various experiments. For example, the strategic placement of temperature sensors,
measurement (through MAQ®?20) and interpolation of temperatures were tested on the mockup
tube as well as on the actual LLR tube. The deformations part of the model was not tested in
this study, however through experiments the thermally-induced displacements of the LLR tube
(assembled into the telescope elevation and azimuth mount) were determined by use of a set of
prisms and a fixed multi-station at the HartRAO site. This information could aid in the

determination of pointing offsets due to thermally-induced displacements of the tube structure.

During the course of this study, the internal components of the LLR tube, such as the
mirrors, back plate and spider assembly, could not be integrated into the tube structure due to
ongoing refurbishments. Therefore, the integration of outstanding internal components is
expected to take place soon as the refurbishments are completed, as this would aid future

experiments to produce more realistic indications of thermally-induced tube displacements.

Most of the content of this chapter has been published in journal papers by the current
author. For example, the heat transfer mechanisms for thermal analysis (Tsela et al., 2016a;
Tselaet al., 2016), the proposed thermal model (Tsela et al., 2016b) as well as the mockup tube

experiments (Tsela et al., 2016) have been published, respectively.
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Chapter 4: Results and Discussion

4.1. Thermal analyses of the LLR optical tube assembly

4.1.1. Analysis of thermal variations

For T, that varied from ~9 °C to 23 °C spanning the time period 00:00 and 11:30 a.m.,
the resulting minimum and maximum thermal variations across the telescope component
materials were 9.3 °C to 10.1 °C (Figure 35). In particular, the (Zerodur) primary mirror had
the lowest thermal variations of ~0.1 °C relative to the other component materials with respect
to T, for the time period under study. This observation is found to be consistent with the thermal
properties of the mirror (see, Schott, 2011 and Table 3), especially given its low k. Timely
equalization using either natural or forced air ventilation of these variations on the mirror
(which responds comparatively slow to ambient temperature changes) including other
component materials of the tube assembly is important for overall optical and pointing

performance of the telescope (Perry, 1943).
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Figure 35: Cross-section of the assembled telescope component materials showing the
simulated thermal variations as modelled by ANSYS. The symbols a), b), c¢), d), e) and f)
denotes the 1-m primary mirror, mounting plate, baffle tube, middle outer ring, inner tube
surface and outer tube surface respectively.

Further, a slight increase of ~0.23 °C of the thermal variations is seen on the steel
mounting plate where the mirror rests. The minimal variations revealed by the two
aforementioned components are in contrast with those on the tube structure (Figure 35). The
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tube structure including the baffle tube (which are both of aluminium T6 7075) had the highest
thermal variations in the range 9.54 °C to 10.12 °C with respect to T,.. In particular, the baffle
tube is surrounded by a very good insulator (i.e. Zerodur mirror material) which reduces heat
transfer at the bottom side of the tube; this as a result, makes the top part of the baffle tube to
be more exposed to ambient air, hence it appears warmer. Additionally, the isotherms along
the tube suggest that the thermal variations could be unidirectional, propagating from the
‘open’ front-end of the tube toward the ‘closed’ back-end where the primary mirror and
mounting plate are structurally located. The evident decreasing temperatures toward the
‘closed’ back-end of the tube, suggest continuous (natural) heat losses as the thermal energy
propagates along the optical tube in a unidirectional manner. These heat losses along the tube
could have been accelerated by the contacting middle outer ring surface which is made of steel,

coupled with dissimilar thermal properties relative to the aluminium tube.
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Figure 36: Temporal thermal variations on the tube and mirror surfaces in relation to T, typical
of the HartRAO site, during the time period 00:00 and 11:30 a.m. for a particular day in June.
The thermal variations were probed from Figure 35 only for the abovementioned surfaces.

Take note that the tube design consists of two layers or surfaces, i.e., the outer shell and
inner shell, both made of thin aluminium; thus leaving an open region between the surfaces for
insulation purposes. This is evident in Figure 35 where the relative thermal gradients on the
inner and outer shells respectively can be seen clearly. Furthermore, the thermal variations

probed specifically from the mirror and optical tube surfaces revealed a total temperature
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gradient of ~ 1 °C (Figure 36), meaning that we can generally expect these component materials
of the assembly to respond very slowly to T,,. However, thermal regulatory measures may be
necessary to ensure these variations are equalized and kept to a minimum as much as possible
I.e., <1°C (Murphy Jr et al., 2008) to allow excellent telescope pointing (Mittag et al., 2008),
thereby increasing the chance of being on-target with the retroreflectors located on the lunar
surface (Combrinck, 2014).

4.1.2. Analysis of thermally-induced deformations

The thermal analysis results presented in Figure 35 were used to estimate the total
thermally-induced deformations of the telescope structure in X, y and z directions (Figure 37).
Figure 37 illustrates the total deformations in the range 2.9 um to 40.7 um spanning the time
period 00:00 and 11:30 a.m. In particular, the resistance against temperature change (denoted
AT) by the mirror shows virtually zero localised deformations of the mirror as well as its
mounting plate (Figure 37). These observations concur with modelling studies on the thermal
expansion of Zerodur glass material at varying temperature profiles (i.e., between 0 °C and
50 °C) which showed no radial variations and excellent homogeneity (Jedamzik et al., 2010).

However, the magnitude of the error contribution from the derived total deformations of the

tube assembly is yet to be investigated for LLR telescope pointing at HartRAO.
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Figure 37: A cross-section of the telescope component materials showing the thermally-
induced structural deformations in x, y and z directions.
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The effects of the derived thermal variations (Figure 35) are largely evident along the
edges of the tube surface through material expansion (Figure 37); and thus, have been reported
elsewhere to be a significant source for a misalignment of the optical axis to the telescope tube
axis (see Shinnaga et al. (2004) and Mittag et al. (2008)). In this context, the optical axis entails
the correct position of the spider assembly carrying the secondary focus mirror (not shown in
Figure 37) in relation to that of the primary mirror. The secondary mirror is attached to the
front of the optical tube using a spider assembly (this allows centring and focussing). Therefore,
any slight deformations on the mirrors and/or materials holding the mirrors would potentially
misalign the optical axis thereby contributing to pointing errors and focussing problems during
ranging. These findings call for the development of a thermal dynamic model which can

compensate for structural misalignments due to thermal variations.

4.2. Thermal analyses of the LLR telescope composite structure

For a T,, profile that varied from 9.1 °C to 23 °C at the site for a half day (00:00 — 12:00),
the resulting minimum and maximum thermal variations measured at 12:00 midday across the
telescope composite structure were in the range of 9.11 °C to 10.03 °C respectively (Figure 38).
For a full day, T, profile spanning 00:00 — 23:59 the resulting range of thermal variations
measured at 23:59 nighttime across the telescope composite structure was 9.12 °C to 9.86 °C
(Figure 39). The discrepancy between the thermal variations depicted in multicolor isotherms
on Figure 38 and Figure 39 indicate that the telescope experience more thermal variations (and
related structural deformations depicted in Figure 37) during day time compared to nighttime.
Further, it is evident that the thermal response time varies per component material primarily

due to their respective thermal properties.
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Figure 38: Full (A) and cross-section (B) of the telescope composite structure indicating the
resulting thermal variations measured at 12:00 midday on the telescope components, in
response to the T, profile from the HartRAO site for the time period 00:00 — 12:00. The thermal

variations (°C) are represented by different coloured regions, each colour being an isotherm
region; hence more colours correspond to more variations. Note the spider assembly in
exploded view for legibility.
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Figure 39: Full (C) and cross-section (D) of the telescope composite structure indicating the
resulting thermal variations measured at 23:59 night-time on the telescope components, in
response to the T, profile from the HartRAO site for the time period 00:00 — 23:59. The thermal

variations (°C) are represented by different coloured regions, each colour being an isotherm
region; hence fewer colours correspond to fewer variations. Note the spider assembly in
exploded view for legibility.
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In particular, the spider assembly and outer tube surface had the largest range of thermal
variations i.e. greater than absolute 1 °C with corresponding high standard deviations (Table 6)
and thus, could be the main areas on the telescope where most thermal variations are likely to
occur. The primary mirror surface including its mount or support structure responds slowly to
T., with thermal variations of about 0.6 °C (Table 6). In particular, these thermal variations had
low variability (i.e. standard deviation) of 0.26 °C and 0.24 °C respectively (Table 6).
Furthermore, the fork assembly (comprising the fork arms, elevation and azimuth mounts) had
the smallest range of thermal variations (0.22 °C) coupled with the lowest variability of 0.091
°C.

Table 6: Descriptive statistics computed from the values of the telescope thermal state
measured between 00:00 - 23:59. The sample size comprised of 145 recordings (°C) of the
thermal state of the telescope composite structure taken at a sampling interval of 10 minutes
within the time period of 00:00 — 23:59. The standard deviation indicates the variability of the
145 telescope thermal state values that were measured every 10 minutes throughout the day.

Model Input Range (max-min) of Average thermal | Standard deviation
Variables thermal variations °C | variation °C of thermal
variations °C

Ambient Air 23.2-6.4=16.8 13.92 6.051
Telescope components

Spider Assembly | 10.29-9.042 = 1.248 9.680 0.445

Outer Tube 10.14-9.076 = 1.064 9.587 0.374

Surface

Inner Tube 10.06-9.073 = 0.987 9.537 0.356

Surface

Secondary Mirror | 9.874-9.037 = 0.837 9.497 0.346

Reflective Surface

Primary Mirror 9.719-9.072 = 0.647 9.416 0.261

Reflective Surface

Primary Mirror 9.637-9.062 = 0.585 9.377 0.241

Support/Mount

Ring Support 9.440-9.091 = 0.349 9.261 0.147

Fork Assembly 9.320-9.099 = 0.221 9.194 0.091

83




The extent of thermal variations experienced by the individual telescope components including

their thermal behaviour given the full-day T, profile of the HartRAO site is graphically shown

in Figure 40.
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Figure 40: (a) Temperature changes measured at 10 minute intervals on the telescope
component materials in relation to T, typical of the HartRAQO site during the time period 00:00
and 23:59 for a particular full-day in June. These temperature changes represent the thermal
variations depicted in Figures 6 and 7 for the considered component materials; (b) Thermal
variations in (a) shown in exploded view.
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The sharp increase in T,, of the morning hours triggered the temperature change of all
telescope components, which attempts to thermally respond to the T, profile (Figure 40).
Further, the continual rise of T, particularly toward midday and early afternoon appears to
trigger more thermal variations of the telescope components, with peak variations observed
around 15:00 in the afternoon (Figure 40). During this time, we can expect the thermal state of
the telescope composite structure not to be equal, coupled with high thermal variations (of
some components) exceeding 1 °C. While temperature of the telescope components
collectively attempts to follow the decrease in T, it will be interesting to observe the time it
takes for the telescope’s thermal state to reach internal equilibrium naturally, particularly post-
midnight (Figure 40).

In overall, the thermal variations depicted in Figures 35, 36 and 37 have been shown in
other studies (for example Atwood and O'Brien (2003); Zheng et al. (2012); Tsela et al.
(2016a); Wang et al. (2018)) to have the potential to induce structural displacements that could
impact on the mirror reflective surface, link length between mirrors and consequent defocus of
the lens. As a result, if such thermally-induced displacements are not properly accounted for,
they could be detrimental to the required pointing accuracy of the HartRAO LLR optical

telescope.

In particular, the corresponding range values of the secondary mirror indicate that it could
be warmer than the primary mirror at end of day (Table 6; Figure 40). This outcome is partly
due to the encapsulation of the secondary mirror within the spider assembly, and more
importantly, the mechanical composition of the spider assembly (particularly at the centre
where the mirror is mounted) appears to be manufactured in a manner that traps heat according
to our thermal simulations (Figure 39). On the other hand, the primary mirror’s range values
(Table 6) indicate that, towards the end of day i.e. 23:59 when T,, has dropped, the primary
mirror would be warmer than any of its contacting surfaces (Figure 39; Figure 40). The
apparent thermal variations of the mirrors are consistent with the thermal properties of the

Zerodur mirror, especially their low k and CTE values (Jedamzik et al., 2010).
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4.3. Mock-up tube experiments

4.3.1. Mock-up tube RTD measurement

Results of temperature measurements acquired using the 64 RTD sensors mounted onto
the outer surface of the mockup tube, reveal tube overall thermal variations of about 2 °C
(Figure 41). For illustration purposes, the sample of measurements were taken in the morning
hours of 5 May 2016 (winter season) i.e., for the time period of 05:25 - 05:55 a.m. and 06:45
-07:15a.m. in a fairly stable environment. The results of the tube experiment showed that there
was no significant change on the tube thermal variations (Figure 41). Further, during the night
or early morning hours prior to sunrise, the tube surface temperature generally tends to be
constant, with virtually no bulk temperature fluctuations along the tube surface detected by the
RTD sensors (Figure 41 (a)).

05:25 am 05:40 am 05:55 am

Tube temperature T °C

| 1 1 | 1 1 1 1

06:45 am 07:00 am 07:15 am

Figure 41: Recorded temperature (°C) versus time (in hours) of 64 RTD sensors.

A subsequent gradual rise of thermal variations can be observed which represents the
tube’s thermal response to the fluctuations in T, (Figure 41 (b)). Additionally, this gradual rise
is due to the tube’s horizontal position (See section 3.4.4.1) which mainly exposes the upper
arc of the tube surface to incoming solar radiation. Notably, the acquired tube-sensor
temperature readings do not entirely overlap with each other and thus, the little gaps in between,

could be an indication that the temperature along tube structure is not entirely the same (Figure
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41). For example, this assertion can be corroborated by the simulation results which showed
varying temperatures between the middle and front-end of the tube (see Figure 38 and Figure
39). In addition, the observed thermal behaviour of the tube from this experiment (Figure 41)
show similar trends with the thermal simulation profile of the outer tube surface at
corresponding times (Figure 40 (b)). During the night or time period considered, the tube
temperature resembles an isotherm coupled with minor variations of the tube temperature
sensor readings. In overall, the tube-sensor readings showed tube thermal variations of
approximately 2 °C coupled with an error of £0.5 °C associated with each RTD sensor. These
findings indicate that the RTD sensors used, have the potential to acquire accurate temperature
measurements, and can therefore be used on the actual components of the LLR telescope as

well as testing the proposed thermal model.

4.3.2. Mockup tube temperature interpolation

Figure 42 show results of the measured T, tube average temperatures and the
interpolated tube average temperature, spanning different time intervals in the evening of the
241 25" and 26™ September 2016. Nighttime was considered suitable for this for experiment
to test the interpolation procedure due to minimal temperature fluctuations. In particular, the
measured tube average temperatures appeared to follow the intermittent fluctuations and
general decline of T, at the site during the time period considered. In addition, this observation
is partly corroborated by the virtually corresponding temperature variations (minimum-
maximum) of for example, 17.51 - 22.94 °C and 13.20 - 17.32 °C of T,,, and 17.29 - 23.11 °C

and 13.35 - 17.45 °C of measured tube average temperatures, respectively (Figure 42 a and c).

The thermal properties of the mockup tube material used are such that, changes in
measured tube average temperatures in response to T,, are discernible after every 5 minutes
(minimum) within the complete time interval considered (Figure 42). Such rapid thermal
response time suggests that the (real) LLR tube structure can easily reach thermal equilibrium
especially when T, is stable i.e. during nighttime. The minimum and maximum temperature
differences between T,, and average tube temperatures (either measured or interpolated) were
found to be at about 0.5 °C (Figure 42 a) and 1 °C (Figure 42 b) corresponding to transient time
periods of 19:15 - 19:20 and 00:30 - 00:35 respectively. These experimental findings imply
that the thermal regulatory requirement of < 1 °C (Tsela et al., 2016a) for thermal variations of

the LLR tube assembly can be achieved.
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On the other hand, Figure 42 also contains results of the interpolated tube average
temperature profile for the 24 unmeasured locations on the tube. Clearly, the variation of this
profile follows T, and also resembles the profile of the measured tube average temperature.
The observed overlap between the profiles of measured and interpolated temperatures
(particularly on Figure 42a and 42c) shows that the thermal distribution across the tube surface
is isothermic during nighttime in contrast to daytime or early sunrise. Furthermore, the
observed overlap could be an indication that the sensor placement including spacing and
density on the tube is representative and provides a realistic picture of the tube thermal state.
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Figure 42: Temperature profiles of ambient air, measured and predicted tube-average
temperature in the evening of the 24" (a), 25" (b) and 26™ (c) September 2016

Figure 43 shows the computed RMSE variation of the interpolated tube average

temperatures which indicates that, the applied interpolation algorithm in this study can be

expected to predict temperature of the LLR tube structure at accuracies (RMSE) in the range
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of 0.26 - 0.34 °C (a), 0.29 - 0.37 °C (b) and 0.24 - 0.32 °C (c) respectively, during nighttime.
In particular, the targeted interpolation accuracy of at least 0.3 °C was achieved. Virtually
similar observations were reported in Greve et al., (2005) and Greve and Kaercher, (2009)
whereby the RMSE in the range of approximately 0.2 - 0.3 °C was found for the FE model

structure of the IRAM 30 m radio telescope.
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Figure 43: Root mean squared (RMS) error variation of the interpolated tube-average
temperatures in the evening of the 24™ (a), 25" (b) and 26™ (c) September 2016.
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In this experiment, three exponential values of p which represent the order of polynomial
(Equation (26)) were tested in-order to find a suitable p value that gives better interpolation
results. Table 7 depicts the test results of the exponent p used in the interpolation algorithm,
and as a result the exponential p value of 2 was found to produce the smallest interpolation
error (i.e. RMS) relative to the p values of 1 and 3 when tested on three night-time data sets.
Furthermore, Table 7 show that, in overall, the smallest and largest RMS we can expect for the

interpolation algorithm is 0.24 °C and 0.37 °C respectively, when a p value of 2 is applied.

Table 7: Summary of test results of the exponent p used in the interpolation algorithm

Date: 24 Sept 2016 Date: 25 Sept 2016 Date: 26 Sept 2016
Time: 18:00-20:25 Time: 18:00-20:25 Time: 22:00-00:30
1<p=<3 pr=1 |p=2 |p=3 pr=1|p=2 |p=3 pr=1|p=2 |p=3

Min RMS °C 0,27 0,26 | 0,28 0,32 (0,29 |0,30 0,25 (0,24 |0,25
Max RMS °C 0,37 0,34 | 0,35 0,42 |0,37 |0,38 035 (0,32 |0,32
Median RMS °C | 0,33 0,30 | 0,32 035 |0,32 |0,33 0,32 (0,29 |0,30

These findings suggest that the applied interpolation algorithm (Equations (24) - (26)) is
likely to predict temperatures of the telescope composite structure accurately, particularly
during nighttime. Furthermore, the interpolated temperatures combined with RTD measured
temperatures provided a realistic temperature distribution of the mock-up tube thermal state
within the considered times. Further research would be to align interpolated temperatures with
the FE model nodes of the LLR telescope tube (and other components) so as to ensure that
temperatures at all nodes without RTD sensors can be estimated. These findings constitute an
important parameter in further testing and completing the execution of the proposed thermal
model presented in section 3.4.3.

4.4. LLR tube experiments
4.4.1. LLR tube RTD measurements

Figure 44 show the daily temperature variations of the LLR tube and T,, at the HartRAO
site, sampled every 5 minutes for 2 successive days i.e. 30 Nov 2018 — 01 Dec 2018. In
particular, the LLR tube measurements were averaged from a distribution of 64 RTD sensors
and sampled every 5 minutes. It is evident from Figure 44 that, the tube temperature follows

variations of T,, successively during day- and nighttime. The rapid thermal response of the tube
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is largely due to its thermal material properties, discussed earlier (Tsela et al., (2016a)). For
example, during daytime the tube average temperature can rise above 30° C which is at least
4° C higher than T, especially, between 10h00 and 17h00 when the tube is exposed to incoming
radiation. This temperature may have increased further, if it was not for the double layer
structural design of the tube (Tsela et al., 2016a), which insulates the inner surface or first layer
of the tube where the RTD sensors are mounted. Nonetheless, a tube average temperature of
about 30° C (is often coupled with tube material expansion), which may be sufficient to
misalign the tube optical axis, thus have been shown elsewhere (Mittag et al., 2008) to cause
azimuth and elevation offsets of about of 40” and 10" respectively, during pointing.

Temperature °C
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a s a a & < & a
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30 Nov 01 Dec —— Tube_Ave °C
—— Ambient T °C

Figure 44: Illustration of the measured average temperature of the LLR tube (Tube_Ave °C)
and the ambient air temperature (Ambient T °C) for HartRAO sampled every 5 minutes, for
the times and days shown.

On the other hand, during nighttime particularly from around 19h00 to the late night
hours, the tube temperature and T,, generally overlaps. This could be due to the ambient
temperature stability or micro T,, variations at those times, which enable the tube structure to
assume isothermic thermal behaviour (also see Figure 39 in section 4.2). The resulting
nighttime discrepancy between tube temperature and T,.at the considered times can be expected
to be as low as ~1° C (Figure 44). In overall, these findings constitute an important input for

the analysis of tube displacements due to its temperature fluctuations.
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4.4.2. Thermally-induced tube displacements

4.4.2.1. Analysis of relative displacements of the LLR tube

The Total Station’s repeatability used for the measurements of relative tube displacements is
at the 1 mm level, but due to its high sampling rate will provide sub-mm ranges statistically
(Figure 45). In particular, repeated laser distance measurements to the optical centre of the
prisms mounted on the LLR telescope tube (Figure 45), yielded 3-dimensional distance
variations between the true centre and the apparent centre of the prisms, due to the assumed

tube thermal variations.
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Figure 45: Illustration of the LLR tube displacement monitoring experiment based on the site-
based Leica Nova MS50 Multi-Station and 4 Leica GPH1P Prism Precision Reflectors
mounted on the telescope tube front and base. The horizontal distance (d;) = Total Station
measurement accuracy between the multi-station and the respective prisms mounted on the
telescope is shown in the figure. A theoretical representation of the Earth curved surface and
the parallel horizontal distance are also shown (Torge and Miiller, 2012)

The measured displacements by the reference prism mounted on the telescope base
structure (Figure 45), were deducted from the measured displacements by the 3 prisms mounted
on the LLR front-end of the tube. The deduction process basically removed the contribution of

the base structure displacements, from the tube measured displacements in the height (2),
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easting (x) and northing (y) respectively. As a result, the relative displacements A, of the tube
front-end are presented in Figure 46 to Figure 48 over two consecutive days i.e. 30 Nov 2018
— 01 Dec 2018.
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Figure 46: Displacements of the tube front-end, sampled every 5 minutes in the vertical (z)
direction relative to the telescope base structure by use of 4 prisms (see Figure 45). LLR 1, 2
and 3 denote the respective positions of the 3 prisms mounted on the tube front-end.

Notable changes are evident on Figure 46 in the height relative displacements of the tube,
measured simultaneously at prisms 1, 2 and 3 over the two-day period when the experiments
were conducted. The temporal oscillations of tube relative displacements in the vertical
direction appears evident across day-time to night-time (Figure 46). As a result, these
oscillations may be attributed to the possible tube structural changes due to tube temperature
variations (discussed later in section 4.4.2.2). For example, the variations (standard deviations
are shown in Figure 49) of the relative displacements at prisms 1, 2 and 3 in the vertical
direction were found to be 0.670 mm, 0.751 mm and 0.692 mm respectively. A difference is
noted in the slightly higher variation of relative displacement at prism 2 and thus, gravity-
induced deformation on the tube lower arc may have had an effect, as shown in NKkosi et al.

(2016). Overall, this finding corroborates simulation results of the tube thermal deformations
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presented in section 4.1.2 which depicted thermally-induced deformations of the front of the
tube. Exposure of the tube front to incident solar radiation and T, (particularly during day-
time) could have implications for the stability of the spider assembly and alignment of the
optical axis (Figure 45). However, telescope pointing experiments would have to be conducted
to investigate the influence of the reported relative displacements on the required pointing
accuracy for the LLR HartRAO telescope.
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Figure 47: Displacements of the tube front-end, sample every 5 minutes in the easting (X)

direction relative to the telescope base structure by use of 4 prisms (see Figure 45)). LLR 1, 2
and 3 denote the respective positions of the 3 prisms mounted on the tube front-end.

Furthermore, changes are also evident in Figure 47 in the easting (x) relative
displacements of the tube, measured simultaneously at prisms 1, 2 and 3 over the two-day
period when the experiments were conducted. In particular, the variations (i.e. standard
deviation shown in Figure 49) of the relative displacements at prisms 1, 2 and 3 in the easting
(x) direction were found to be 0.523 mm, 0.418 mm and 0.493 mm respectively. The temporal
oscillations of the relative displacements (Figure 47) appeared modest and had lower variation

compared to the vertical relative displacements.
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Figure 48: Displacements of the tube front-end, sample every 5 minutes in the northing (y)
direction relative to the telescope base structure by use of 4 prisms (see section 3.4.4.4). LLR
1, 2 and 3 denote the respective positions of the 3 prisms mounted on the tube front-end.

Relative displacement of the tube in the northern (y) direction is also evident (Figure 48).
More variation in temporal oscillations of relative displacement could be seen during day-time
when the tube is exposed the incident solar radiation, and less during the late afternoon through
to night-time, especially at prism 2. Furthermore, the variations (Figure 49) of the relative
displacements at prisms 1, 2 and 3 in the northing (y) direction were found to be 0.513 mm,

0.691 mm and 0.518 mm respectively.

In overall, the height or vertical relative displacements had the highest variations i.e. of
about 0.670 mm, 0.751 mm and 0.692 mm for the time period considered, compared to
variations of relative displacements in the easting and northing directions (Figure 49). The
second highest variations of relative displacements were in the northing direction, followed by
the easting direction (Figure 49). Note, in this discussion the standard deviation of the relative
displacements shown in meters (Figure 49) was converted into millimeters, simply for legibility

of the variations.
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Figure 49: Standard deviation of the relative displacements in height (z), easting (x) and
northing (y) at all 3 prisms mounted on the LLR tube structure.

Interestingly, these findings show that, the variations of relative displacements at prism
2 (LLR 2: A Easting: 0.418 mm, A Northing: 0.691 mm, A Height: 0.751 mm) were highest
compared to those of prisms 1 and 3. This finding could be an indication of an area on the tube
that undergoes more structural deformations. Considering the location of prism 2 at the lower
arc of the tube front, this finding suggest there could be a combination of thermally-induced
(Tsela et al., 2016a) and gravity-induced (Nkosi et al., 2016) deformations simultaneously
happening on the tube, thus leading to more displacement compared to other areas on the tube

front.

Furthermore, the measured variations of tube displacement at prisms 1 and 3 could be
partially attributed to the tube’s exposure to direct sunlight which: (i) transiently (from
approximately 07h30 to 10h30 in the morning hours) irradiates the west-facing side of the tube
where prism 3 is mounted, and (ii) lastingly (from around 11h00 to 17h30) irradiates the top
and east-facing side of the tube where prism 1 is mounted, respectively. The observed
variations of relative displacements across all 3 prisms suggest the tube structure expands in a
radial manner (Figure 49). It is has been empirically shown that the high tube temperatures lead
to thermal expansion of the tube, followed by displacements (Mittag et al., 2008) therefore,
this could have been the case in our experimental results.
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4.4.2.2. Analysis of thermally-induced tube displacements

Visual inspection of the time series of the overlaid (i) measured tube average temperature,
(if) ambient air temperature, and (iii) relative displacements of the tube in height, easting and
northing; show that variations of relative displacements appeared to happen simultaneously

with the successive peaks of both tube average temperature and ambient air temperature, T,

(from Figure 50 to Figure 58). In particular, the relative displacements of tube height (Figure
50, Figure 51 and Figure 52) revealed a clearer pattern of variations in relation to tube average
temperature. Furthermore, the relative displacements of tube height (especially in Figure 50
and Figure 52) show oscillations that correspond with increases and decreases of tube average
temperature, particularly during the times 15:00 — 22:35 (30 Nov) and 12:40 — 22:00 (01 Dec).

Similar patterns are also evident for relative displacements of the tube toward the east in
(Figure 54; Figure 55) particularly during the times 11:45 —18:15 (30 Nov) and 13:45 — 20:15
(01 Dec). The relative displacements of the tube towards the north in Figure 57 had the finest
oscillations in-relation to tube average temperature profile, virtually across the entire time
series. These finding indicate that the tube undergoes structural changes (expansion and
contraction) with change in temperature. The smallest variations in relative displacements of
the tube were found to be 0.523 mm (east), 0.512 mm (north) and 0.670 mm (height) measured
through LLR prism 1 whereas, the largest variations were reportedly 0.418 mm (east), 0.691
mm (north) and 0.751 mm (height) measured through LLR prism 2 (Figure 49).

This information could be used in guiding the efforts to determine the amount of
correction needed to be fed into the LLR telescope pointing model (Combrinck, 2014) to
counteract thermally-induced pointing offsets. The general idea would be to ensure an even
distribution of temperature throughout the telescope tube (and mount assembly) through a
microprocessor controlled venting system. Especially the areas where mechanical distortion
would lead to optical collimation and alignment or focussing errors, such as the secondary

mirror spider assembly should have no unevenly heated areas.
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Figure 50: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of tube height at
the location where the LLR1 prism was mounted.
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Figure 51: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of tube height at

the location where the LLR2 prism was mounted.
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Figure 52: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of tube height at

the location where the LLR3 prism was mounted.
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Figure 53: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of the tube toward

the east at the location where the LLR1 prism was mounted.
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Figure 54: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of the tube
toward the east at the location where the LLR2 prism was mounted.
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Figure 55: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of the tube

toward the east at the location where the LLR3 prism was mounted.
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Figure 56: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of the tube

toward the north at the location where the LLR1 prism was mounted.
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Figure 57: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of the tube

toward the north at the location where the LLR2 prism was mounted.
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Figure 58: Time series of the (i) measured tube average temperature, (ii) ambient air temperature, and (iii) relative displacements of the tube

toward the north at the location where the LLR3 prism was mounted.
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4.4.2.3. Sources of error during distance measurements

There are various sources of error that ought to be accounted for, when using the Total
Station to acquire distance measurements. The errors may arise from natural, instrument and
human errors respectively. In particular, natural errors in distance measurements could be due
to, for example atmospheric parameters, gravity, Earth curvature and atmospheric refraction
(Torge and Muller, 2012). It is worth mentioning that, the measurements acquired in this study
to produce relative displacement results, were automatically corrected for natural errors
by the Leica Nova MS50 Total Station (see section 3.2.6). This station compensated for
environmental conditions at the site, and further, the curvature and refraction constants were

applied to each measurement (http://surveyequipment.com/assets/index/download/id/219/).

The constants corrects for the Earth curvature and atmospheric refraction when calculating the

horizontal distance and height difference.

Human errors that may arise from physical limitations and observation habits by the
surveyor were largely minimized. For example it can be seen on Figure 24 (section 3.2.6) that
the Total Station used was mounted onto a fixed white concrete pillar, drilled more than 10
meters underground at the HartRAO site, for purposes of low expansion, target alignment, and
stability due to movement or wind around the Total Station. Furthermore, calibration of the
Leica Nova MS50 Total Station is carried-out regularly through an interface controlled system
on-site to minimize instrument-related errors which can potentially bias the acquired distance

measurements.

4.5. Concluding remarks

The modelled and experimental results of the thermal behaviour and thermal distortion
dynamics of the HartRAO LLR telescope for possible impact on pointing are presented in this
chapter. Firstly, simulation-based-analysis of the extent of influence of T,, on the thermal
variations and related deformations of the LLR composite structure, through heat transfer
functions was reported. This analysis showed that the thermal response time varies per
telescope material component, primarily due to their respective thermal properties. In
particular, the spider assembly and outer tube surface had the largest range of thermal
variations, and thus were identified as the main areas on the telescope where most thermal

variations can be expected.
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However, the primary mirror surface including its mount as well as the fork assembly
had the lowest range of thermal variations; this is expected as here the mass is the greatest. The
total deformations particularly of the tube assembly was found to be in the range 2.9 um to
40.7 um from night (00h00) until approximately midday (11h30) while, the primary mirror had
virtually zero localised deformations due to its resistance against temperature change.
Secondly, the above analysis laid a foundation for proposing a thermal model for monitoring
thermal variations and related deformations of the HartRAO LLR telescope composite
structure. Several test results of the proposed LLR thermal model were presented in this chapter
which covered the placement of RTD sensors on thermally-important areas of the tube
structure, as well as measurement and interpolation of tube temperatures. The deformations
part of the proposed model was not tested in this study, however, results of tube displacements
due to assumed thermal deformations were reported. In particular, the variations of relative
tube displacements appeared to concur with the successive peaks of both tube average

temperature and T,,.

This finding showed that the tube undergoes structural changes with change in
temperature. Furthermore, the smallest variations in relative displacements of the tube were
found to be 0.523 mm (east), 0.512 mm (north) and 0.670 mm (height) measured through LLR
prism 1 whereas, the largest variations were reportedly 0.418 mm (east), 0.691 mm (north) and
0.751 mm (height) measured through LLR prism 2 during the time period considered. These
figures are just an indication of displacement as the precision of the Total Station used for the
measurements is at the 1 mm level, but due to its high sampling rate will provide sub-mm
ranges statistically. This information could be used in guiding the efforts to determine the
amount of correction needed to be fed into the LLR telescope pointing model (Combrinck,
2014) to counteract thermally-induced pointing offsets. The general idea would be to ensure
an even distribution of temperature throughout the telescope tube and mount assembly.
Especially the areas where mechanical distortion would lead to optical collimation and
alignment or focussing errors, such as the secondary mirror spider assembly should have no
unevenly heated areas. So far, Combrinck, (2014) operated a prototype pointing and steering
software package on a 125 mm dual refractor testbed telescope and achieved RMS error values
at the 0.5" level. It will be interesting to observe the extent of variation of the achieved values,
particularly when the pointing model is tested on the actual LLR telescope which will be

exposed to the varying thermal environment during operation.
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Chapter 5: Conclusion

5.1. General summary

Plans are underway to operate the first-ever LLR station based in the Southern
Hemisphere, which would be an addition to the 5 operating LLR stations all located in the
Northern Hemisphere. Key to the achievement of the required 1 arcsecond pointing accuracy
of the HartRAO LLR, is to have subsystems that can model and correct for the varying
telescope disturbances. In particular, various studies over past decades have acknowledged
temperature as one of the major disturbances that influence pointing accuracy for numerous
optical telescopes, constructed from a combination of material components made of aluminium
alloys, steel and optical glasses with varying CTE. For example, it has been shown that
temperature variation in the range -6.4 °C to 25.8 °C can potentially misalign the tube optical
axis and introduce peak azimuth and elevation pointing offsets of 40” and 10" respectively
(Mittag et al., 2008). Additionally, other studies demonstrated correlations between the antenna
pointing errors and temperature-induced deformations on selected structural components of the
telescope (Pisanu et al., 2010). In overall, these studies successfully demonstrated that thermal
modeling, particularly for an open-air ground-based telescope (such as the HartRAO LLR) may
be necessary, which ought to take into account the telescope’s structural design, thermal
properties of the component materials and site-specific varying climatic factors, in-order to
maximize the pointing accuracy of the telescope.

In particular, no study has been previously reported on the thermal behaviour and related
structural changes coupled with displacements, of the HartRAO LLR composite structure with
respect to ambient air temperature at the observatory site. Currently, a pointing and steering
prototype model developed for the HartRAO LLR, has so far only been operated on a 125 mm
dual refractor testbed telescope (under room temperature conditions) and achieved root mean
squared error values at the 0.5 arcsecond level (Combrinck, 2014). The extent of variation of
the achieved error values is currently not known, particularly when the pointing model will be
tested on the actual LLR telescope, which will be exposed to the varying thermal environment
during operation. Therefore, this research study modelled the thermal behaviour and related
distortion dynamics of the HartRAO LLR composite structure for possible impact on the

pointing.
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5.2. Achievements of objectives and aim

The aim of this research study was to model the thermal behaviour and related distortion
dynamics of the HartRAO LLR composite structure for possible impact on pointing, when
ranging to the lunar retroreflectors. To achieve the aim of this research study, the following

objectives were implemented:

(i) analysis of the extent of influence of varying ambient air temperatures at the HartRAO
site on the thermal behaviour (thermal response times, variations and deformations) of
the LLR telescope;

(it) proposing a thermal model for monitoring thermal variations and related
deformations of the HartRAO LLR telescope composite structure; and

(iii) quantification of the extent of thermally-induced tube displacements during day- and
nighttime, so as to inform efforts to determine the amount of correction needed to be fed
into the LLR telescope pointing model (Combrinck, 2014) to counteract thermally-

induced pointing offsets.

In particular, the key findings of this research study corresponding to the above-

mentioned objectives were as follows:

(i) The thermal response time varies per LLR telescope material component, primarily
due to their respective thermal properties. In particular, the spider assembly and outer
tube surface had the largest range of thermal variations, and thus were identified as the
main areas on the telescope where most thermal variations can be expected. However,
the primary mirror surface including its mount as well as the fork assembly had the lowest
range of thermal variations. The total deformations particularly of the tube assembly was
found to be in the range 2.9 um to 40.7 um from night (00h00) until approximately
midday (11h30) while, the primary mirror had virtually zero localised deformations due

to its resistance against temperature change;

(if) An LLR thermal dynamic model was proposed and several test results of the proposed
model were presented in this study, which covered the placement of RTD sensors on
thermally-important areas of the tube structure; measurement and interpolation of the

optical tube temperatures. The deformations part of the proposed model was not tested
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in this study, however results of tube displacements due to assumed thermal deformations
were reported using a laser distance-measurement system. This made it possible to
determine structural displacements based on varying magnitudes of the distance
variations between the true centre and the apparent centre of the prism;

(iii) The smallest variations in relative displacements of the tube were found to be 0.523
mm (east), 0.512 mm (north) and 0.670 mm (height) whereas, the largest variations were
reportedly 0.418 mm (east), 0.691 mm (north) and 0.751 mm (height). This period was
characterized by ambient temperatures that varied between 11.20 °C and 29.90 °C and

the corresponding tube temperatures that varied between 13.75 °C and 33.84 °C.

These findings demonstrated an attempt to model the thermal behaviour and related
distortion dynamics of the HartRAO LLR composite structure for possible impact on pointing;
and they constitute an important input for guiding the efforts to determine the amount of
correction needed to be fed into the LLR telescope steering and pointing model (Combrinck,
2014) to counteract expected thermally-induced pointing offsets. Furthermore, these results are
a step towards the development of a thermal monitoring system for the HartRAO LLR
telescope, which is imperative in maximizing the pointing accuracy of the telescope, thereby
increasing the chance being on-target with the retroreflectors located on lunar surface. Efforts
to maximize pointing accuracy for the HartRAO LLR would adhere to the current state of high-

accuracy laser ranging, which currently provides millimeter accuracy (Vasiliev, 2018).

5.3. Contribution to science

No study has been previously reported on the thermal behaviour and related structural
changes coupled with displacements, of the HartRAO LLR composite structure with respect to
ambient air temperature at the observatory site. One of the basic meteorological parameters
which has been studied widely for thermal considerations of site-based open-air telescopes is
ambient air temperature. The interaction of the ambient air temperature with the telescope’s
critical components such as the tube, mirrors and supporting structure, has relatively unique
effects on telescope pointing and overall operational performance (Mittag et al., 2008).

In particular, this research study analysed the relative effects induced by the heat transfer
mechanisms i.e. conduction and convection, on the thermal variations and response times of

the HartRAO-based telescope composite structure. This information was further used to
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determine the extent of thermally-induced deformations of the structure, which may cause
displacement or misalignment of telescope components was investigated. In particular, the
extent of tube displacements due to varying ambient air temperatures at the site during day-
and nighttimes was investigated. These efforts were fundamental in understanding the thermal
behaviour of the HartRAO-based LLR telescope composite structure in relation to pointing,
and as a result, guided the proposal of thermal modelling procedures. These procedures entailed
the determination of the types of temperature sensors needed, strategic placement of the sensors
the telescope tube (which will later be expanded onto other critical components), and sequence
of mathematical steps for data acquisition, monitoring and analysis; so as to determine the
amount of correction needed to be fed into the LLR telescope steering and pointing model
(Combrinck, 2014) to counteract expected thermally-induced pointing offsets in-order to
achieve the required 1 arcsecond pointing accuracy. The findings of this research study (Tsela
et al., 2016; Tsela et al., 2016a; Tsela et al., 2016b) have significant scientific implications in
exploring strategies and options for developing thermal dynamic models and monitoring

systems for current and future LLR optical telescopes.

5.4. Shortcomings of the study

In this study, we assumed a constant h value of 0.025 W/m?C during the thermal
simulation process of the telescope. This assumption thus excludes the wind effect during this
thermal analysis. The wind effect including the varying h values representative of natural
and/or forced convection are possible future considerations for the current analysis so as to
approximate reality as far as possible.

Several test results of the proposed LLR thermal model were presented in this study
which covered the placement of RTD sensors on thermally-important areas of the tube
structure, as well as measurement and interpolation of tube temperatures. However, the
deformations part of the thermal model was not tested in this study. This could be an area of
further research, and most importantly to implement and test the full thermal model on the
telescope. However, these efforts also require complete integration of the telescope material

components.

Furthermore, this study determined the magnitude of thermally-induced displacements

of the LLR tube front (where the spider assembly is fitted). It would be more informative if
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these displacements are analysed over more days and across seasons, and furthermore tested
during pointing so as to investigate their contribution to pointing offsets during ranging, and/or
if they have any considerable effect on the error values at the 0.5 arcsecond level so far achieved
by Combrinck (2014) on a 125 mm dual refractor testbed telescope (under room temperature
conditions). In particular, the extent of variation of the achieved error values is currently not
known, particularly when the pointing model will be tested on the actual LLR telescope, which

will be exposed to the varying thermal environment during operation.

5.5. Recommendation for further research

A comprehensive sensor network set-up is planned for acquiring near real-time
temperature measurements of the complete HartRAO LLR telescope composite structure
(Figure 59). In particular, the temperature sensors would be strategically mounted onto the
telescope surface components and wired to the RTD-based MAQ®20 data acquisition unit.
Temperature measurements will be logged and saved on the server for retrieval during thermal
modelling and planned ventilation procedures. The red highlighted text on Figure 59 show the
component (i.e. optical tube) which the sensor set-up was implemented in this research work
(see section 3.4.4.3). It is recommended that further research work, expand the sensor network
onto other components such as the primary and secondary mirrors, fork assembly and pedestals,
post the revamp and integration processes at HartRAO so to enable a detailed study of the

multi-temporal temperature profile of the telescope composite structure.

Furthermore, the proposed thermal model in this study ought to be expanded in-order to
realise a fully-functional temperature control system (Figure 60) of the HartRAO LLR
telescope. This system would utilise the data acquired in Figure 59 to monitor the thermal
behaviour and response times of the telescope’s material components in relation to ambient air
temperature and relative humidity at the HartRAO site. In particular, the monitoring would
incorporate parameters pertaining to the thermal properties of the material components, and a
microprocessor controlled venting system. The main aim of the monitoring would be to ensure
that the telescope composite structure reaches thermal equilibrium (particularly during the
times of ranging), whereas other thermal effects such as dew formation on the mirrors will be

controlled through forced air ventilation.
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For example, thermal simulation results presented in this study showed that the telescope
can reach thermal equilibrium, naturally, particularly in the early morning hours and late in the
evening throughout the night. However, the main challenge as seen from the simulation results
in this study, is reaching thermal equilibrium during the day when the telescope is exposed to
daily oscillating ambient temperatures. Therefore, to have such a monitoring system (Figure
60) could ensure thermal variations are equalized and kept to a minimum as much as possible
i.e. <1 °C (Murphy Jr et al., 2008) to allow excellent telescope pointing, thereby increasing

the chance of being on-target with the retroreflectors located on the lunar surface.
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Figure 59: Overview of the planned sensor-network connection set-up of the telescope.

116



all
sensors
working

Mo

Yes

Identify sensor and location

* Temperature
*  Humidity
* Fan

Critical

component

Yes

*  |ssue Warning

Restart

No

Obtain system parameters

Cy

Ca

Ca

External (Ambient)
Climatic Factors e.g.,
Air temp, humidity,
wind velocity

Mirror Properties

e.g., Mirror Temp (front +
back), Mirror segments,
type, thickness and
thermal properties

Tube Properties
e.g., Internal ambient
air, humidity

External Telescope

components
e.g., Temp of fork arm,

pedestals, azimuth
[-Passive control-]

Coude Path

]
:
i
e.g., Internal ambient 1
air, humidity |
;
]
]
i
]
]

Repeat process
in next time interval
T =~1°C (Time step)

Mirrar temp Vs. Ambient temp
Tube humidity Vs. Ambient humidity

No

Thermal
equilibrium
reached?

Determine Heat
Transfer Properties
[per C;)

complete

Check
Parameters

Not complete

Issue
Warning

Times when predicted
temp drops rapidly
for current day

Extract
thermalization
times

Cool systerm component
few hours ahead of
predicted rapid temp
(time) changes

Schedule
forced air
ventilation

Forced air
ventilation

Air blow

Figure 60: Overview of the planned temperature control system of the HartRAO LLR telescope. The symbols C; denote the telescope
component; RH denotes relative humidity and T denotes the temperature.

117



Start

Identify sensor and location

All Mo * Temperature
SEensors *  Humidity
working * Fan

Yes Yes

No
MNo

Critical
component

Obtain system 1
parameters
* Halt

*  lssue Warning Restart

pedestals, azimuth
[-Passive control-]

e.g., Air temp,

type, thickness and
humidity, wind velocity

thermal properties

Cl Cz C3 Ir —————————————————————————————————————————————————— '
]
. . . ! External Telescope
. Mirror Properties Tube Properties ! Coude Path

External (Ambient) - - 1 components e.g., Internal ambient

Climatic Factors &.g., Mirror Temp (front + =&, Internal ambient i e.g., Temp of fork arm, air, humidity

—_— back), Mirror segments, air, humidity ! £ P d .
i
]
1
i
1

e

Figure 61: Expanded view of the planned temperature control system in Figure 60, showing system initialization and parameter acquisition.
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