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ABSTRACT
The Hartebeesthoek Radio Astronomy Observatory (HartRAO) of SoutltaAfs

currently developing aunar Laser Ranger (LLR) system basea@@rmetreaperture telescope

in collaboration withthe National Aeronautics and Space Administat(NASA) ard the
Observatoire de la Cote d'Azur (OCA). This LLRIvwe an addition to a smallumberof
operating LLR stations globally and it is expected to achieve&esnobmetreange precision to

the Moon.Key to this achievementrequires thermal aalysis of thecompositetelescope
structure, based othermal properties othe tlescope component materials and their
interaction with the environment through conventional heat transfer mechamnfgmandysis
includes alermal monitoring system thaill 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 repofteeviouslyonthe thermal behavio and related
structural banges coupled with displacements of the HartRAO LLR composite structure with
respect to ambient air temperature at the observatoryFsitdhermorea prototype pointing

and steering softwamackagealevelopd for the HartRAO LLR, has so far only beaestedon

a 125 mm dual refractor testbed telescapelerroom temperatureonditions)and achieved

root mean squaredrror values at the 0.&rcsecond level. Thextent of variation of the
achievederror values is currently not knownparticularly when thgointing modelwill be
tested on the actual LLR telescopéich will be exposed to the varying thermal environment

during operation.

Therefore,in this study the thermdlehaviourand related distortion dynamics of the
HartRAO LLR telescopecomposite sticturewere modelledor possibleadverseémpact on
pointing. Key findings of this research study wehatthe thermal response time varies per
LLR telescope material componentjrparily due to their respective thermal properti€lse
spider assembly a@nouter 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. Howevethe primary mirror surface including its mount as well as the fork asgembl
had the lowest range of thermal variations. The w¢ébrmations of the tube assembly were
found to be in the range 2.9 em to 40/. 7 &m
(11h30) The primary mirror had virtually zero localised deformations due to its resistance
against temperature chanddne LLR thermal dynamic model was proposed aegeral test
results of the proposed model were presented which coverpthtteenent bRTD sensor®n



thermallyimportant areas of the tube structure; measurement and interpolation of the optical
tube temperatures; and tube displacements due to asthemnmdl deformations were reported
using alaser distanceneasurement systerin particular,the smallest variations in relative
displacements dhe tube were found to be 0.448n (east), 0.512 mm (north) and 0.670 mm
(height) whereasht largest variatins were 0.5281m (east), 0.691 mm (north) and 0.751 mm
(height) during the tme period consideredThis period was characterized by ambient
temperatures that varied between 1T@@nd 29.90C and corresponding tube temperatures
that varied between 1%7C and33.84°C.

This informationconstitutes an important input foguiding the efforts to determine the
amount of correction needed to be fed into the LLR telescope pointing model to counteract
expectedthermallyinduced pointing offsetsOverall these results are a step towards the
development of aeaktime thermal monitorig system for the HartRAO LLR telescope, which
is imperative in maximizing the pointing accuracy of the telescope, thereby increasing the
chanceof being ontarget with the retr@flectors located omhe lunar surfaceEfforts to
maximize pointing accurachpr the HartRAO LLR wouldsupportthe global effortof high-
accuracy laser ranging, which currently provid@fimetre precision Lastly, these findings
have significant implicdons in exploring strategies and options for developing thermal

dynamic models and monitoring systems for current and future LLR optical telescopes.

vi
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Chapter 1: Introduction

1.1.Brief background

One of the kegonsiderationfor thescientificperformance of a groul-based telescope,
is thermal analysis of the telescope composite structure and associated optics based on the
thermalproperties of its componentaterials and interaction with the varying local climatic
environmen{Mittag et al., 2008 Zhenget al.,2012 Tselaet al.,2016a Wanget al.,2018. It
is an experimental fact that classical telescopes built from materials such as aluminium alloys
and steel are subject to varyidignensional changes due to tengiare variationBely, 2003
Mittag et al.,2008 Murphy Jret al.,2008 Pisanuet al.,201Q Vogiatziset al.,2014). Thus, a
thorough understanding of the thermal environment of tdlescope observatory site,
properties of theéelescope component materials aydtemperformance requirements could
be essential for determining appropriate modeling proceduncesnitigation strategsfor the
temperature variationswhich are capable of inducing structural deformations and
displacements of critical optical components of the telescbpeaddition, temperature
variations (also referred to as thermal variations in this study) havbedsoshown to have a
consequent effect on the overall pointing error, especially of unh@usmuenair telescopes
(Baarset al.,1988 Enardet al., 1996 Ukita, 1999 Greve and Maceod, 2001; Shinnagaet al.,
2004 Wresniket al.,2007 Mittag et al.,2008 Choet al.,201Q Pisanuwet al.,201Q Vogiatzis
2010.

In many realistic situations, the thermal state of an operaiegair groundbased
telescope varies with time mainly due to the underlying heat tram&fehanisms that take
place within the individual component materials, and also betweesvénalltelescopéody
and itssurroundingclimatic conditions Enardet al.,1996 Bely, 2003 Greve and Bremer
2010. In particular, heat transfer by conduction, convection addatian are the three key
processes that normally take place simultaneously orpanair telescope, and as a result,
ought to be investigated-order to: (i) understand their extent of influence on the specified
operational temperature range of critic@mponentsfor example optics, detectors and
supporting structurend (ii) obtan precise parametric information that could aid development
of robust thermal control models for predicting and mitigating their overall effect on the

t el es copeperformancd; & ledstioh dptecal and pointing accuracy requirements.



Several studis have widely demonstrated that constraining the thermal effects arising

from heat transfer mechanisms by solely relying on passive control measures such as, coating

and irsulating the telescope component materials, may not yield desirable resulisiéle. t
selfadjustment of thdink lengths between the primary and secondary mirrors, mirror
curvature changes awmlgformed structujeunder extreme and rapid ambient climathanges

for exampleUkita (1999. However, one of theecommadedpassive control measures is to
design an adjustable tepe truss structure comprising diverse combinatdnearzero
coefficient of thermal expansion material compongitsvood and O'Brien 2003 Bely,
2003.

Alternatively, active thermal control measures have by far proven to be reliable in
providing detailed (reaime) temperature monitoringnd modeling of thenally-induced

pointing errorsThe measures entdilstallation of several temperature sensors on strategically

identi fied |l ocati ons t hroughout Tenpdradure t el e s

measurements are acquitl subsequentgnalyzedor (i) monitoring of thermal variations

and consequent deformations of the telescope composite structure, (ii) estimating the

magnitude of thermalinduced displacements of critical comporgerso as to determine the
amount of correctiomecessaryo counteract termally-induced pointing offsetsand/ or (iii)
guiding the development of a rob@isermalmodel formitigating the thermal variations of the
critical telescope elements (such astth®e and mirrors) to counterabermal pointing errors
(Ukita, 1999 Bremer and Penalve2002 Greveet al.,2005 Mittag et al.,2008 Murphy Jret
al., 2008 Greve and KaerchgP009 Pisanuet al.,201Q Tselaet al.,20168.

Furthermore, the coupling of adged temperature measurements with observations from
inclinometes and lasedistancemeasurement systems have also shown the potential to
determinestructural displacements basmavarying amounts ahe incident beam driftH{u et
al.,2015 Cuiet al.,2015; Cuiet al, 2016 andcorrelations between the antenna pointing errors
and thermallyinduceddeformation®n selected structureomponentsf the telescopéPisanu
et al.,2010. In overall, these studies confirm to a reasonable degree dratahmodeling,

particularly for an opefair groundbasedelescope may be necessary which ought to take into

account the telescopeds structur aleriatbargli gn,

site-specific varying climatic factors.
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1.1.1.Brief overview of the laser ranging concept

In principle, laser ranging refers to the firing of ultrashort pulses of light &source
fixed at a particuladocationto a cube retroreflector mmated on a distant entity. In space
geodesy, laser ranging istachnique used for acquiring accurate distance measurements
between a particular Eartiased reference station and a fixed reference paitrtreflector
array9 on an orbitingsatellite or the Moon surfad&igure1). The main basic tools uséd
space geodesy for acquiring accurate distance measurements are widely knownlites Satel
Laser Ranging (SLR) and Lunar Laser Ranging (LLR). In particular, these tools make use of
(i) ultrashort laser pulses for ranging the retroreflector arraygii) optical receives and
photon detectato record the light photons returned to theelaranging statiomnd(iii) timing
systems to measure the rotinigh travel time of the laser pulsé®m the grounebased station
to the optical retroreflectors on an orbiting satellite or the surface of the KBmorder et a.
1973 Seeber2008 Pearlman et al., 20)9This laser ranging concept is expandpdnfurther
in Chapter 2
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1.1.2 Overview of the International Laser Ranging Service

The International Laser Ranging Service (ILRf3s established in July 1999 by the
International Association of Geodesy (IAG) with the aim of coordinating satellite and lunar
rangng measurementand ensuring successful delivery of geodetic data to a global user
community(Pearlman et al., 20)9These measurements are coordinated through for example,
network operations between stations, data archiving, access to data and analysif\efadata.
result, he coadination of global satellite and lunamging datais keyfor generating a wide
range of geodetic productshich are used taccuratey maintainthe InternationalTerrestrial
Reference Fram@TRF) (Altamimi et al, 2016).

P . Ny-Alesund™ "~ o . g >
oy . 2 : e bt
s 5
- g
< % u ~
£y ool } ' ‘
2 L /
e - %%‘ <., Badary“rkutsk —~ o\ A
y B A A changcho "‘°‘“‘°"‘°““
@ BmﬁnaA diamak Mountaln
Monument Peak pache Pt. reenbelt i PR g anei
iy ,;s = ¢ B . Shanghat‘ }T rotats
Ensenadd’ Mc&onald AT & \ \ \ \J.;Ml.v A_blzl‘. -~ ) § anegashima
@' 1 Y e P e | *(omﬂng
aleakala g Al Ponmundl )
A ) A" = 'I». ‘ NG
’ LS ‘Jr o (ndones'c‘ A
, Arequipa,; Byasilia,, ¢ C &) ;
Tahm‘ P “.‘ o 9 9 g d ' “ :
o s Hanebeesthogk@ ) Yarrnglda@ N X
‘L Y y @AL Stromlo
,La Plata ~E Dy
W 5 \v} a
A <
E y .
. T ~

Figure2: Thecurrent International Laser Ranging Service (ILRS) netwbhle network show
stations green symbols) that contribute to the ILRS operationallywell ashosestations
(yellow symbols) thaare under developmenth& gree circled stations denote statgthat

currently contribute to the reference frame anal{gisircePearlman et al.,

2019

The ILRS consists of a number of operational components which are fundamental to

achieving its aim. The operational components includ®l§gerving stations, (ii) Operations
Centres (OCs)iii) Data Centres (DCs), (iv) Analysis Centi@gCs), (v) Central Bureau, and
the (vi) Goerning Board. For example, théserving stations approved as part of the ILRS

network Figure2) are expected to adherette 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 collédaser ranging data and transfer it for archiving by the DCs. The DCs



forwardthe archived data to the ACs for deriving ILRS official produttereatfter, the ACs
returnthe products, which include Earth Orientation Parameters (B@dPprecise orbits fo
selected satlites, to the DCs téacilitate access afot onlylaser ranging dathut the derived
geodetic and geophysical ILRS produits global user community detailed discussion of

the ILRS operational components can be fouridaariman et a(2019.

1.2.Problem statement

Openair goundbased telescopes utilized for laser ranging observations of-bpaed
targets at susentimetrelevel accuracycansuffer from structural deformations induced by
varying ambient air factorsvind loading and/ or gravitationalrizesat the observatory site.
These variables need to be measured to enable correction of the resulting pointinglesrors.
is more so on thellR 1-metreaperture telescope that is being assembltdwdtiartebeesthoek
Radio Astronomy Observatory (HartRA of South Africa in collabation with the National
Aeronautics and Space Administration (NASA) &laservatoire de [€6ted 6 Az ur of( OCA)
France Combrinck 2011, Combrinck 2014 Bothg 2016 Ndlovu et al.,2016 Tselaet al.,
2016h Munghemezuluet al, 201§. The HartRAO LLR is expectedo make ranging
observations to the corner culegroreflectors located on the lunar surface with-cefitimetre
level precision and would contribute to ranging observations of 5 capable LLR stations based
in the NortherrHemispheréMurphy, 2013.

Key to the achievement of the required 1 arcsecond pointing accuracy of the HartRAO
LLR (Combrinck 2014 is modéling the thermabehaviourand related distortion dynamics of
the HartRAO LLR composite structure for possiifgact on pointingln particular, no study
has been previously reported on thermalbehaviourand related structural changes coupled
with displacements, of the HartRAO LLR composite structure with respect to ambient air
temperatureSecondlya prototye steering angbointing softwarepackagedevelopedor the
HartRAO LLR, has so far only been optedon a 125 mm dual refractor testbed telescope
(underroom temperatureonditions)and achievedoot mean squareelror values at the 0.5
arcsecond levelGombrinck 2014. The extent of variation of the achievestror valuesis
currently not knownparticularly when the pointing modelill be tested on the actual LLR
telescopewhich will be exposed to the varying thermal environment during operation.
Therefore, this studyncluded(i) modeling the thermabehaviourof theLLR composite

structure based on the site ambient temperature profilerdiposl of amathematicamodel



for monitoring thermal variations and related deformatiohthe LLR canposite structure,

and (iii) the determination dhe extent of thermallynduced displacementd the optical tube,

So as to inform efforts to determine the amount of correction needed to be fed into the LLR
telescope pointing modelCombrinck 2014 to counteractexpectedthermallyinduced
pointing offsetsThe efforts are a step towaittie development of a thermal monitoring system

for the HartRAO LLR telescope, whigkimperative in maximizing thpointing accuracy of

the telescope, thereby inaeng the chance being-terget with the retroreflectoredated on

lunar surface.

1.3.Research aim

The aim of the study was to model the therb@diaviourand related distortion dynamics

of the HartRAO LLR composite structure for possible impact antjpg.

1.4.Research objectives

The objectives of the stly were to:

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

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

(i) quantify the extent of thermalyduced tube displacements duringy€dand
nighttime, so as to inform efforts to determine @ineount of correction needed to be
fed into the LLR telescope pointing model (Combrin@d014) to counteract
thermallyinduced pointing offsets.

1.5.0verview of Lunar Laser Ranging scientific contibutions

In particular,LLR measurements offer potentially more comprehensive solutions for
accurate probes of, amongst othersh e Mo on 6 s mot i o fundamemtal nd t h
gravitational physicsand dynamicf the Moon including the detmination ofEOP. For
example, LLR contines toprovidev al uabl e tests of Einsteinés
dating back from 1976/illiams et al.,1979 . Einsteinds EP widely kn
of free fall, predicts that the Earth and Moon@dc er at e al i reation.iThistihetrye Sun 6



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 thedelbedies

a similar acceleratn rate toward th&un(Williams et al, 2004 Williams et al, 2012. If the

two aforementioned celestial bodies exhibit differential acceleration, this may cause
disppcement of the Moonds orbit i n Nohdtvedtd i r e c t
1999.

The availableempirical findings based on analyses of ldegn LLR measurements
revealeda slow recession rate of h e Mo o n dabouto3r8lrin awaypfsom the Earth
annuallydue to tidal friction(Murphy, 2013. In addition, LLR provides unique opportunity
to test temporal changes of the Newtonian gravitational con&arfiemporal changes in
Newton's gravitational constai@,are constrained to (2+7)x16 per yeawhich indicates the
stableness of the universal forcegadivity (Williams et al.,2004 Miiller and Biskugk, 2007).
While this constraint corroborates Einsteind
a changindgs however, this could contradict other theories of gravity [8eshy (2013 and
references therein).

Furthermore, LLR is being used to define coordinate frames, investigate tidal
acceleration of the Moon, geodetic precessicimfpront and FrancoR006 as well as to study
geodynamicsiiickeyet al.,1994) and the lunar interior dynamicd/(lliams and Boggs2008
through range distance measurements obtained at vdrldrsstations worldwide LLR
measurements from various statiopgvide information that contributes to tderivation of
global ranging data products which can be used in scientific activities spdangxpmple
geophysics, oceanographiesearch,and geodesy for precise drbdetermination and
maintenance of thB'RF (Combrirck, 2011 Hofmannet al, 2018 Peariman et gl2019.



1.6.Thesis outline

This thesis consists of 5 chapters. The fiteptercontainsa comprehensive summary and

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

Chapter 2rovides a detailed discussiohkey published material related to this research, and
highlights the scientific justification forthis study, including the conbuition to existing

knowledge in the area of telescope thermal mougl

A detailed discussion of the methodology is presentedhiapter 3vhich encompasses the:
(a) description of the study sitéh) LLR telescope and its thermal propertiés), data ad
equipment usedd) proposed thermal modahd (e)setup of experiments conducted in this

study.

Furthermore Chapter 4containsthe resultsobtained in this studycoupled witha detailed

discussion of the findings.

Lastly, Chapter 5Sprovidesconcluding 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 ofLunar Laser Ranging

Over tre past 40 years, thacement of retroreflectors on the lunar surface led to the
evolution of theLLR technique. The placement was daheough a series ahe manned
Apollo missionsas well as series of thenmannedoviet rovelLunokhod missionsgender
et al.,1973). In particular, the Apollo missions and the#spectiveMoon landing dates were
Apollo 11 on20" July 1969 Apollo 14 on5™ February 197hnd Apollo 15 or80" July 1971
In addition, theMoon landing dates of the Lunokhod missions 1 and 2 weret&rber 1970
and15 January 1978spectively Figure 3). Theretroreflectorgplaced on théMoon consists
of reflective prism faces that return the incident laser beam to its original diré€imume 3)
and as a result, provide the only means to measure theMaoth distance with the LLR
technique Murphy, 2013. The LLR technique basically requires a telggcdocated at a
ground station fotransmitting a light pulse to a retroreflector on the M{@igure4). After
about 2.5 seconds the retroreflector returns the light pulse in the same direction; and therefore,
the departure and arrival times bétlight pulse are recorded at the station farving Earth
Moon distance measuremefiillet et al.,1993. The most recently reported precision of the

acquistion of these measurements is 1 rfivturphy, 2013.

3)
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Figure3: An illustrationof the lunarcubereflectors at the Physics department of the University
of California, San Dego (1) Hundreds of such cube reflectors are arranged in various
retroreflector array$or examplethe Apollo 15 array plackon 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 bkegeral advantages suchraakingit
possible to collimate the outgoing lightdme, it makes provision foultra-short pulses, and its
light is extraordinarily directional notwithstanding the possibility of atmospheric distartions
For example, atmospheric turbulence is knowimtposedivergence on theutgoing beam at
a scale of aleast one arcsecond i.¢3600" of a degreéMurphy, 2013. In particular, such a
minor angular size translates to the beam wideninp @pproximately 2.0 km at the thsice
of the Moon and hence, most light photaadsout 30 million from 50 trangitted pulses seldom
hits the retroreflector(sThe photons that impinge d¢ime corner reflectorgonsequentlyeturn
in a diffracted beamFor example, according tMurphy (2013 the Apollo corner reflectors
candivergethe returning bearata scale ohpproximately7.5arcseconds, whickranslates to
anareavi de enough cover about 1 bleakt msingle photens t h e
would be received by the telescope po®d the élescope 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 efficidtroghazkaet al.,2014).

Dickeyet al.(1994 showed thatheroundtrip traveltime of the light pulsédetween the
groundbased rangingstation and the corner retroreflector on the lunar surfazze) be

approximatelyderived using the following baskequation(1):

"égls n 1ot (1)

where”l denote the distancébetweenEarthMoon barycentrecomputed in the Barycentric
Celestial Reference Framg denotesthe selaocentric location of thiinarretroreflectoron
the Moon in the lunafixed systemandr| isthe geocentriposition of theranging stationn

the Earthfixed system

A hypothetical illustrationby Dickey et al. (1994 of the geometrical relationship
between the aboweentioned parameters pesented irFigure 4. The EartAMoon mean
distance is 38800 km and, yen the respective equatorial radii of the Earth (6378 km) and
Moon (1738 km), the lengths and relative orientations of the vegtorandny  could

influencethe measuredlistance
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Figure4: 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
pulseimpingeonthe retroreflector, thight pulses returnedn the same directioand received

at the telescopesource:Dickeyet al.,1994).

However given theEarthMoon approximate long distance of 3800 km, the basic
observation equation thatescribes theaccurate computation oEarthMoon distance
measurementsught to incorporate certain key paretes given byMuller et al.(2008)as:

_t 2
d _CE 1:rem I station I Teﬂectonl C &

where the dllowing paranetes d, ¢, and Urepresentshe distance from the groufishsed

station to the retroreflector, the speed of ligha vacuum, and timef-flight of the laser pulse
respectively. Furthermore, the threestinct vectorsrem, Istation and rrefiector describe the
connection between the geocentre and the selenocentre, geocentric position of the ground
based station, and the selenocentric position of the retroreflector, aesysctivelyLastly,

the paraneteradrepresent the applied traviéine corections due to the delays caused during

the propagation of the laser pulse through thelm@ar atmospheric environment.

When ranging to theetroreflectors on th®loon, it is important that the transmitted laser
pulse carry a sufficient numbef photans so thata sufficient number of photons can reach
the corner cube reflectorC C R)Gard at least asingle photonbe returred to the telescope
receiver(Marki, 2018. In particular, the large distance between thelEand the Moon, makes

it difficult to receive echoeffom the Moon, hence the ratio of pbotnumbers received and

11



transmitted is approximately 1:¥QCourdeet al.,2017. To estimate the number of photons

receivedby the ranging detectobegnan (1993proposed the radéink equationas follows:

P )

where¢  denoteghe number of received photonrs, denotes the quantum efficienof/the
detector (receivey)O denotes the total laser pulse energgenotes the laser wavelengi,

i s Pl anc kandc isahe speadafmlight in a vacuum. Furthereyathe panmetes

— ROPA T ,Arepresentthetransmit optics efficiency, gain of thetrsmitter, and optical cross
section of the corner cube retroreflector, respectjvBlys the slant range to the Moon
retroreflector Subsequently, theeffective area of the receiver telescope, receive optics
efficiency, unidirectional transmission thrdutipe atmosphere, and unidirectional transmission
through the cirrus clouds if preserdre denotedby the paranetes & h- hTa and Tc

respectively.

In Equation (3) the slant rang®, is given byDegnan (1993as:

* . 4
Y Y Q we+ Y Q i — ¢y Q@ ' 0 Q @

where’Y denotes the Earth radius at the Equator (6378 Knjlenotes the statigneight

above sealeveQdenot es t he Mo on o0 sel atle vistheizeamithamglb ov e s
of the Moon as observed from the statibhe two Equations(3) and(4) weretheoreticaly

tesed (Munghemezulu2018 based orthe estimatedink budget equatioparanetes for the
HartRAOLLR station, and as a result, 5 return photons per minute is expected to kedecei

by the HartRAO LLR telescope. Since, on average it takes about 5 to 25 minutes of rianging
orderto generate aypical normal poin{Merkowitz, 2010, the HartRAO1-metreLLR can

be expected to collect tp approxmately 100 photons, which may be sufficient to obtain

normal ponts at the envisaged mevel.
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2.1.2.Detailed overviewof Lunar Laser Ranging scientificcontributions

Accurate LLR measurements offer potentially more comprehensive solutions for
accurde probes of, amongst othelsshe Moondés mot i ofiundamematai nd t h
gravitational physicdsi nst ei ndés EP, Maomuhcludingthe deierenmatianfof t h e
EOP (Muller and Tesmer2002. The following sections contaiselected examplegetailing

the contribution of LLR to science.

2.1.2.1.Equivalence Principle Tests

Tests of the ERsing LLR dataare performed by comparing gravitational accelerations
of the Earth and the Moon test bodieward the SunWilliams et al, 2012. The hypothesis
is that both Earth and Moon regardless of their different masskesampositions, have the
same gravitational acceleratiodsand® in the same gravitational field as follow&/{lliams
et al, 2009:

0_ 0 (5)

c:=|

where parametefts and0 denote the gravitational mass and inertial mass of each test body.
Precise differential acceleration aseirement is important for determining the sensitivity of
the EP testWilliams et al.,2012.

Violation of the EP, woul result in the inequality of gravitational and inertial masses
such tlat, the Earth and Moon falls towards the Sun at slightly different rates, leading to the
perturbation of the lunar orbiNordtvedt Jy1968. In case the EP is violated, a rangmaiture
with 29.53 day synodic period will result as the luagbit will be displaced along the Eaith
Sun line.Furthermore, LLR tests of the total EP, taking into cognisance both composition and
gravitational seHenergy for the Earth and Mooninthegrat at i onal f i elad of t
values of {1 + 2)x 103 (Williams et al.,2002) as well as-0.7 + 1.5)x 10*3 (Anderson and
Williams, 2001) which correspond to a range amplitude of 2 + 4 fiillig@ms et al, 2004.

In addition, recent test results of EP based on the analysis of LLR data spanning 16,250
NPs yielded the value ofQ.8 + 1.3)x 10*3 (Turyshev and Williams 2007). Overall, the
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analysis of historic, accurate Eaftfoon 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 &P could facility efforts to find a new theory of graviWi(liams et

al., 20129 and more stringent limits on any violati of EP. While the Earth and the Moon test
bodies vary in composition and gravitational saiergy, theEP is consideretb havetwo
formations namelthe weak equivaleng®inciple (WEP)and thestrong equivalence principle
(SEP) The latter is sensite togravitational energy of a bodye. Earth/Moon, whereas, the

formeris sensitive tdhe composition

2.1.2.2. Testsof graviational constant, G

Analysis of LLR timeseries data permits the determination of limits on the variability of
the gravitationalconsta@ Such determination is possible dt
orbit to the longitude of the Sulm particudar, this constant desbes the temporal variation of
gravity due to the magnification of the unive(Saryshev and Williams2007). Forexample,
the potentialvariation of G with time, exert torques on not only the monthly lunar orbit but
also the annual Eartoon orbit around the SuiN6rdtvedt1999 . Consi derrdng Kep
law, it is evidentthat a changings with time would appear peculiar to the evolution of the
Moono6s or bMerkoavitz 2@1l@:r i od (

L (6)
“0a
and by taking the time derivative arelarranging comes to:

0

o 0 & (7)
o) 0 @&

Utilising LLR dat a, t he & orbithtan be estimaed; ol ut i
coupled with an estimate f@ (Williams et al, 1996) The analysis of LLR datasets a limit

on the gravitational constar@®/ G estimated to bés + 7) x 10:3year! (Turyshev and Williams
2007 and more recently-Q.7 *+ 3.8) x 183year! (Hofmannet al, 2010) Continued LLR

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

Analysis of LLRobservations aid in the modelling of tidal effects affectingBaeh
Moon distance measurementsliller and Tesmer2002. Such effects have significant
implications for the accuracy of the acquired otaBons at the LLR statiof.he Moon is a
tide generating bodynal causes a bulge on the Adeal elastic Earth. As a result, the bulge of
the Earth relative to the EarMoon direction, exerts a secular acceleratiorthefMoon's
longitude(Chapront and Francp@006. This produces tidal acceleration of abot259 ( nj
cy? in the lunar longitudéPavlovet al, 2016, which slows the rotation rate of the Earth,

coupled with a increaseof the length of dayGhaprontet al, 2002; Chapront and Frangou

2006. Another consequenceises | ow recession rate o0f20t he Mc
mm.year! away from he Earth(Pavlovetal., 2019.

Furthermorethe global or sitespecifictidal displacement parametdns (horizontal
tides) and. (vertical tides) also called Lovenumbarsid t he ti dal diucamisi pat.i

be estimatetb investigate their effect on relativistic quantitig¢arious tidal parameter values
were reported iMUller and Tesmer (2002pr each LLR stationThe same study also repatte

global estimateof thedifferent Love numbers as:

ah, = 0.001 ©.00
d,= 9.014 ©.00:

In addition based on LLR observations, the potential Love nurkbean be estimated from

tidal variation of the gravity fielddonopliv et al.,1998.

2.1.2.4Lunar Science

LLR data containa wealth of information that can be used to potdhtiexpose details
about the dynamics and the inner structure of the Moon. For exampliglaineove numbes
(known to be responsive to the structure and internal elastic properties of the\Wiboangs
and Boggs 2008, moment of inertia ratigdidal 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 distributiontanhirdynamics
(Khanet al.,2004 Williams et al, 2009.
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Investigationson the existence of a lunar core, are empirically aidedhbysensed
propertes detected using LLR through physical librations and tides, which indicéitesca
core with a turbulent boundary layat/lliams et al, 2004 Williams and Boggs2008. In
particular, the firspropertythat indicates a liquid coie energy dissipation which arises at the
liquid core/ solid mantldoundary(denoted, CMB)Such dissipation may be triggered by the
interaction betweetides in the solid mantle and CMBurthermore, the second prefyecan
be inferred from thellipticity of CMB which results in a torquas the liquidravels along the
oblate spheroigWilliams and Boggs2008. Thethird property arises from the moment of
inertia of the liquid corgvhich has an effect on tiperiodic displacement of a physical libration
term Williams and Boggs2008.

The triraxial mass distribution of the Moon is associated with the principal moments of
inertia as follows: A < B < CMurphy, 2013. The moments of inertia are measured using both
the Lunar ProspectoKbnopliv et al.,1998 and LLR timeseries datakhan et al., 2004).

Thus, sensitivity to the lunar physical librations allows precise calculation of the relative
differences in the aforem&oned principal moments of inertia to the 0.05% |g&&lirphy,
2013 as follows:

6 0O (8)

6 0O 9)

Thecurrentestimated values for the quais in(8) and(9) are reportedly ~6.8 10%and ~2.3
x 10, respectivelyMurphy, 2013.

Other scientific contributions from LLR includ@) the precise determination of Earth
Orientation Rrameters(ii) Relativity and gravity (i), Gravitomagnetism anBarameterized
PostNewtonian (PPN) testaind the () Inverse Square Lavirurther details pertaining these

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

Several observatori€$ablel) equipped with lunar ranging capliees were established
across various parts of the world. During the period 1B&B®2 a number of observatories
located in California, Arizona, Pic du Midi de Bigorre and ToKyalel) had already started
rangng to the Moon and were able to obtain LLR measuremaittsough the operational
period of the aforementioned observatories was transient probably duenicdagaperational
and/or funding restrictions; all fo@bovementioned observatorigovided usful empirical

LLR data obtained at ranging accuracies of approximategn80

Subsequently, in 1973 LLR experiments were caroetsuccessfully at the Madald
observatory based on the’2n telescope and became the first instrument ranging to the Moo
on a regular basiB8enderet al., 1973 Silverberg 1974). At the time, theelescoperovided
much more accurate lunar ranging information at athb@@t5 cmlevel owing to the exclusive
use of a foustage @switched ruby laser technologyhe laser had a 4 nancsead fis)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., Eartloon-Earth oundtrip travel time) within 1 8. The LLR
empirical efforts at McDonald observatory were reported to be contributing 350 lunar range
distance measurements annualBii\erberg 1974, but time delays aa result of phota
detectos andother electronics led to uncertainties in the range measure(Bamderet 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 bothsdteeand | unar ranging capabilities
Grasse and Texa$dblel). In particular, thdunarRanging ExperimenLURE) observatory
based in Haleakala, Hawaii using an amplified pulssér system demonstrated improved
ranging performance from the histoilid® cm to just below 2 cm; but ceased collecting LLR

measurements regularly in 1990.
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Tablel1: Chronological history of the observatories with lunar laaaging (LLR) capability.
Only three LLR facilities based &rasse, Texa@ot operational for several yeaes)d New
Mexico observatories operate on a regular basis
(Sourcehttps://ilrs.cddis.eosdis.nasa.gov/science/scienceContributions/lungr.html

Country LLR Observatory Date  of | Ranging Aperture Source
operation | accuracy
California, Lick Observatory 1969 30cm 3.1m Falleret al.(1969
United States
Arizona, Air Force Cambridge | 1969 Restricted | Restricted | Hunt(1974
United States | Research Laboratorie access access
Lunar Ranging
Observatory (AFCRL)
Pic du Midi de | Pic du Midi 1970 Restricted | 1m Calameet al.
Bigorre, France | Observatory access (2970
Tokyo, Tokyo Astronomical | 1972 Restricted | Restricted | Kozai(1972)
Japan Observatory access access
Texas, USA McDonald 1973 15cm 27m Benderet al.
Observatory (2973
Hawaii, United | Lunar ranging 1984 <2cm N/A Carter and
States Experiment (URE) Williams (1974
Observatory
Grasse, France | Observatoire de la 1984 1.5cm 15m Samainret al.
Cilte db6Azu (1998
Texas, USA McDonald Laser 1985 <2cm 0.76 m Shelug(1985
Ranging System
(MLRS)
Matera, Italy Matera Laser Ranging 2003 N/A 15m Bianco and
Observatory (MLRO) Varghesg1994
Southern New | Apache Point 2006 1 mm 35m Murphy Jret al.
Mexico, USA Observatory Lunar (2008

Laser Ranging
Operation (APOLLO)
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This was followed by the LLR facilitytilizing a 1.5 m optical telescope which was
established athe Observatoire de la@&@ e d 6 A z unrGraése Erance in 1984 which
acquired range measurements accurate tort.evel(Samainet al.,1998) This facility used
a 70picosecondps) neodymium dopedtyium aluminiumgarnet (Nd:YAG)two-colour laser
system that emitted 4 short pulses at a repetition rate of 1Githzan emrgy pulse of75mJ
(Samairet al.,1998.

The OCA LLR facility is characteristic akturn rates of 0.002 and 0.01 photons per
pulse Gamainet al.,1998 and contributé regular range measurements to varibuR data

analyses centrgbttps://ilrs.cddis.eosdis.nasa.gov/science/scienceContrilgi)tion

In the mid 19800s LLR system operations
decommissioned and replaced hydual laser system with satellite and lunar ranging
capabilities designed to regularly operate on a dedicated 0.76 m teleShehes(985. This
laser system isypical of a 200ps Q-switchedNd:YAG that produces highntensity laser
pulses in the green wavelength (0.523 pm) with an energy pluld® mJand a repetition rate
of 10 Hz. The satellite and lunar laser ranging facility at the McDonald observatory was named
the McDonald Laser Ranging Station (MLR$he statioracquire range measurements on a
regular basis atentimetrdevel accurag, and wa reported as one of the routine contributors
to lunar range data between the years 1990 and 0@®hy, 2013.

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

multi-decadal cm range measuremeMsiphy, 2013.

By 2007, about 16000 LLR distance measurements were rdgortwave been acquired
by the existing observatorieM{ller et al.,2007 and this number is expected to increase
considering integratedneasurements from the currently operatargd in progress LLR
stations (i.e., Matera, Italghis station has obtadal successful returnaipd Wettzell, Germany
(this stationis still under development) These measurements have significant implications f
conducting and improving tests of several gravitational and mechanical phenQuegatly,
all the LLR facilities collecting range measurements regularly are situated in the Northern
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HemisphereKigure5). New efforts are geared towards developing a dedicated station in South
Africa i.e. Hartebeesthoek, represented in the I&oat Hemisphere which will have LLR
ranging capabilitiesGombrinck 2011, Tsda et al., 20165 Munghemezuluet al, 201§.
Additionally, a similar effort is underway a#lount Stromlo,Australia Greene and Luck
2002)

Figure 5: Distribution of stations with Ilunar laser ramg (LLR) facilities
(https://ilrs.cddis.eosdis.nasa.gov/science/scienceContributions/lundwr.Ginty three LLR

stationsnamely,the McDonald Observatory (Texas,3JA), GrasselObservatoire de la Cote
d'Azur (Franceand Apache Point Observatory (New Mexico, U.S.performed LLR on a
regular basisThe McDonald Observatory has ceased LLR operations.

In particular, @velopment of the new LLR geodetic station & HeartRAO of South
Africa is planned to acquirgnillimetre) EarthMoon distance measurements in the Southern
Hemisphere Qombrinck 2014 Munghemezulet al, 2016 Combrinck 2014 Tselaet al.,
2016 using the refurbished exrench imetreaperture telescope&Cpdmbrinck and Botha
2014); and would be an addition to the five ebfe LLR stations based in the Northern
Hemisphere Noda et al, 2014, namely the McDonald Observatory (Texas, U.S.A),
Observatoire de la Cote d'Azurréiace), Apache Point Observatory (New Mexico, U.S.A)),
Matera (ltaly) and Wettzell (GermanyLurrently, only the first 4 stations consistently
contribute LLR observations to the ILRS datab&3esufdeet al.,2017).
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Considering the unen distribution of capable LLR stations worldwide, the HartRAO
LLR station would play aignificant role in the continuous global monitoring of the Earth
Moon system dynamics, as well as understanding the processes in the complex Earth system.
According toHofmannet al.(2015) the currengeometry networlkf LLR stations is likely to
increase globdt in the near future given the ongoing developmental efforts in other countries
such aRkussia Vasilyevet al.,2014), JapanNodaet al, 2014 and Chile Fiengaet 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 pulséd@ Hz and 200 mJ per puls®.suitable
site for the permanent installation of the first South African LLR station heady ben
identified. The station wilbe located in Matjiesfontein, Western Cape provindgch was
found to becharacterizedby favourable optical seeing and atmospheric conditions as well as
other important environmental characteristics that wouddbleneffective operation of the LLR

instrument(Nickolaet al.,2011).

2.1.4.Infrared lunar laser ranging

Since the early 19900s the LLR measur emen
nm particularly at the Grasse station in France, has reached millimetric &amla(net al.,
1998. However, at the time, the precision level when using the inf(fiRddletector at 1064
nm was reportedly insufficient relative to the green detector (Samain and M&9@d) due
to | imitations of the detectoro6s internal n
venting systems (Cowat al.,1994). About two dcades later, notable advancemenhdium
gallium arsenide (InGaAsgchnology Itzler etal.,2017) led to an improved IR singjghoton
detector. Consequently, the Grasse station currently performs LLR in IR at 1064 nm utilising
an InGaAssinglephoton detectorGourdeet al.,2017). IR LLR increased station efficiency

on dl five corner cube retroeflectors as well as during the new and full Moon periods.
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Figure 6: Distribution of nornal 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:Courdeet al.,2017).

For example, IR LLR wasiind to have more noral point (NP) observations, precision
of up-to three millmetes relative to a fivenillimetre level when the green detector is used. In
principle, each NP represent, averaged range observations from multiple-psilsgle
measurementdg (iryshewet al.,2013). Furthermore, the IR detectoad increased observability
duration, such that more i.e. 741 normal points (NPs) were acquired in IR compared to the
green NPs at 21Tpurdeet al.,2017. In addition,Courdeet al.(2017) empirically found that
IR LLR showed improved homogeneitytierms of the distribution of NPs obtained on all five
corner cube retroeflectors Figure6). This iscontrary to the green LLR observations which
showed considerably low distribution of NPs on the Lunokhod-reftectors coupled with
very high (65%) distribution on the Apollo retreflectors, especially A19-{gure6). 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 psydoct
terms of increased accuracy of estimapadanetes for examplesome lunar gravity field
coefficients, mass of the Eastfioon system, lunar orbit speed and location, and the lunar core

dynamical panmetes (Viswanatharet al.,2016; Viswanathaet al.,2017).

2.1.5.The next generation corner cubeetroreflectors

In the last four decades, the ranging to Apdilinar retroreflectors by different LLR
stationded to numerous scientific findings fior examplegravity, relativity and selenophysics

(Murphy Jret al.,2004). To date, the Apollo lunar retroreflectors still operate and are used to
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generate newcience results. Key to the accuracy of the science results, is the laser aiod detec

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

Weighted RMS residual (cm)

1580 1985 19% 1995 2000

1975

Year

Figure7: Historical accuracy of LLR data showing impemnent in the ranging accuracy, since
1970 from 20 25 cm to about 2 cm in 200Sdurce:Murphy Jret al.,2004).
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Figure8: Historical accuracy of LLR data showing improvement in the ranging accuracy, from
cm-level upto subcentimetrdevel (Source:Viswanatharet al.,2017). The LLR data accuracy
is superimposed on ranging observations acquired from all five retrorefecdys.

During the last few decades, there has been a dramatic amelioration of the
abovementioned factors at various LLR stations sisthe MLRS (0.76 m telescope), OCA
(1.5 m telescope) and APOLLO (3.5 m telescope). Technological advancemenbhed ais
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improved acaracy of the LLR observations by more than a factor of 220r{eet al, 2011,

i.e. fromtheinitial ranging acctacy of approximately2025 c¢cm (i n the 197060
cmin 2003 Figure?). In particularthe2.7m aperture telesqgeranging systenatMcDonald
Observatory(Benderet al, 1973 initially had rangingaccuracieof arourd 25 cm which
improved to about 15 cnn the late 1976 due to incarporaton of improved techology.
Furthemore aroundthe mid-1980sthe MLRS (Shelus, 1985) replacetthe aforementioned
telescoperanging systemwhile on the other hanédditionalranging systemdrom LURE

(Carter andWilliams, 1974 andOCA (Samairet al, 1998 equpped withenharceddetectors,

lases andprecisiontiming systemgame into exience whichgradually improved tranging
accuracysince those yearto ~ 2cm in 2003 Williams et &, 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 édfni@nging at Grasse. This
showed improved homogeneity in terms of the distrdmubf normal points obtained on all

five corner cube retroeflectors.Furthermore, the accuracy of the current LLR observations

has reached millimetre levdtigure8).

Notwithstanding the progress thus far, the return signal level particularly from the Apollo
lunar retroreflectors haiminished by a factor of 10 up 100 below the expected signal return
(from the Apollo arrayswhen initially ceployed Burns and Lazip2011, Turyshevet al.,
2013. The deterioration in signal return is reportedly due to lunar libratioth$hee fadingpf
the lunar reflecta, suspected to be causeddwitated dustCurrieet al, 2011 For example,
simulations Turyshevetal.,2013 s how that the Eart hoMooncentr e
due to the eccentricity armmerturbatiorof theMoonb s or bit . As a resul t,
estimated to vary at most by 8.2 ° in longitude and 6.9 ° in latitide/g¢hevet al.,2013.

This means, during theloonb s r ot ati on nor mal to the dir
retrorefleetors comprising the Apollo array temporally occur at different ranging distances
from thegroundbased LLR station, and thus results in a spread in the width of the returned
pulse. In addition, the root mean squared error uncertainties associated va#h lopiar
librations were estimated to range from 24 mm for the Apollo tbw@gbout 46 70 mm for
the Apollo 15 reflector array<Cgrrie et al, 201J. In overall, the accuracy of singhot
returns orthe Apollo arrays is limited to a few cemgetres (Martini et al.,2012), even with the
domnant observations from the A15 array across all stations. In particular, LLR stations with

submetreaperture telescopes suffer more than telescopes with large apertures such as the
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APOLLO, which can acquire thousands of single photoelectron returntaia ohemillimetre

normal point Currieet al, 201J).

The single large corner cube reflector (CCR), denoteth@tunar Laser Ranging
Retroreflector Array for the 21st Century (LLRRA) is expected taddress 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 accumulationudgtdqBurns and Lazip2011 Currieet al, 2011%,

Martini et al.,2012. This next generation retroreflectorbging developed through a joint
collaboration between thégniversity of Maryland and National Laboratory of Frasdsltactini

et al.,2012 and its deployment is planned for 2019. In particular, the LLRRAS based on

the concept of having a series of single larger CCR of size 100 mm launched individually on

the Moon sirface.

| e———

Figure9: The fabricated 100 mm second generation retroreflector (left) placed next to the 38
mm Apollo retroreflector (right) of the first generation (soukCarrieet al, 2017).

The size of this CCR is larger than the current 38 mm CERarg9) arranged within
the panels of the Aplo 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 beaiadfby the
lunar librations whereas, the current small CCRs change position with respect todherdire

of the Earth due to tilting of the array by few cemies (Martini et al.,2012). This means,
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with the single large CCR the ambiguity on which CCR within the array gavera gilse
becomes irrelevant. In particular, this notion reduces single pulse Mty Jret al., 2008

and sipports ranging with much shorter laser pulses to get an accurate timing of each return
pulse Currieet al, 2011). Furthermore, theLRRA-21would have sufficient signal strength,
even for LLR stations with suimetreaperture telescopes to provide an increased number of
observations (i.e. two orders of magnitude) per month at millimetric IBueh§é and Lazip

201D).

2.2.Telescope pointing overview

The aim of pointing, is for a telescope to point toward the desired targekample
retroreflectors on the Modior a grounebased telescop@ointing to the desired @&t can be
described in terms of theoretical position and actual position. In partiche theoretical
position, usually expressed in azimuth (herea&rand elevation angles (hereaftel), takes
into cognizance the natural effects such rotatibthe Earth, refraction, aberration atice
discrepancyetweenCoordinated Universal Time (UTC) and Universal Time (UT1) triggered
by irregularities in the rotation of the Earth particular, éap seconds are normally added to
minimize the aforementionediscrepancy to less 0.9 seconaisd subsequently the UTC is
converted into ephemeris tinfET) for computational use at the ranging statiglfolland,
1977)

Disturbances

!

Desired position + Command 7~ "\ Torque Actual position
> :i Controller Moto —qr Telescope T
Measurement
sensor

Position signal |

<

Figure 10: A basic closedoop pointing servo systemhdt systematically compase
discrepancies between desired and actual positions. The detected discrepancy represents an
error which is then fed into the drive system for correctingrtti@l actual position $ource

Bely, 2003

However,as shown inFigure 10 that due to both internal and external disturbances
around the telescope, the theoretpasitionseldommatch the actual position at which the
telescopas pointing and as a result coritgan of the detected discrepancy takes pld@=ly,

2003 Mittag et al., 2008 Zhenget al., 2012. In general, pointing errors can either be
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repeatable or nerepeatable Repeatable errors include mechanical misalignm@&resvg and
Mangum 2008, gravity deformatios (von Hoerner and Wondl975 Nkosi et al, 2016
Bergstrancet al.,2018 and thermallyinduced deformatio(Mittag et al.,2008 Choet al.,
2010 whereasnonrepeatable errors entail mechaniaall servo errorand torque ripplén
the drive motaos, cable wrapsas well as wind turbuleec(Ukita et al.,2007. Furthermore,
repeatable errors can be corrected throughrabsystems that regularly feed correctiongin

pointing model(Wresniket al.,2007).

A widely known classical pinting model byPlaza (2001)lso referred to as the 7
paranetermodel,is presented below to illustrate the fundamentalmpatas which are taken

into account for telescope pointing:

16 a06a B4 i B0 KOG B0 OEFNO KBA U 6 GG 6 i Q@  (10)

1 000y ge00 GEFN Ba [ "BE Y EDN (11)

where Alny andAle denotesatilt of the Azaxisto thenorth and east respectiveNpaedenote
thenonperpendicularity oEl to Azaxis(deviation ofEl-axis from horizontal)Bnpdenote the
non-perpendicularity othe optical axis toEL-axis (i.e. misalignment of the optical axis to the
telescope tube axisand lastlyTr denotetube flexure The errors arising from the telescope
mount (axis misalignment),nonperpendicularityof El to Azaxis optical collimation, and

tube flexure can beorrected using the telescope (optical) model.

Various studies adoptetid pointing model describe(iLlQ) and(11)) as a base method
and introduced additional panetes in-order for the modelot adapt to prescribed pointing
performance requirementsr exampleMittag et al.(2008. Similar efforts are underway in
HartRAO of developinghe pointing model of th&-metreLLR telescopgCombrinck 2014).

2.3. Telescope wturbances

In general, theperational performance of the telescope (as peifgadions) is as good
as being able to locate, describe and mitigate the different disturlsemeted inFigure 10.
In particular, groundbased telescopesuch as the LLR, experience disturbances from the

varying climatic environment whicéntailsair temperature, windolar radiation temperature,
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sky temperature and ground surfaeenperaturgGreveet al., 2005 Mittag et al., 2008
Vogiatzig 2019 Greve and BremeR010. Additionally, interactionof theseaforementioned
climatic factorswith the telescope often leads to heat transfer processes taking place on, and
within the telescope system componergad as a result this could be detrimental to the

t el es c o p e 6performpnegChoteti ab,20@9] Zhenget al.,2012. In particular, the

larges disturbance for groundased telescopes is wind, especially for unhowsezpenair

telescopes thatre wholly exposetb the outside environmer¢ly, 2003 Ukita et al.,2007).

Other disturbancesre mechanical and maludefriction in thetelescope axes, opék
misalignments(secondary mirror defocus)tube structuredeformationsdue to thermal
gradients and gravity gradient torqaedmechanical movements in tdeve motorsOn the
other hand, spadeased telescopedso underg virtually similar disturbancesrfpon et al.,
2012 described aboveexpect that thir environment is not the same as for grecbaded
telescopesand therefore, some of the disturbanaes negligible For examplethe gravity
gradient torqueespecially in high orbitsand most climatic effects aresgligible for space
based telescopeBblowever, solar radiatioboth direct and reflected from Eartls, a major
torquefor spacebased telescopdBely, 2003. In overall, disturbancesaa be mitigated or
compensated by means of control syst€@reve and Kaerchg?2009 Yoonet al.,2012). For
the purpose of this studihe discussion gointprward is focused on groudushsed telescopes
in relation to the varying climatic environment (temperature) and consequent effect on

telescopestability for pointing.

2.3.1. The varying climatic environment of thetelescope

Over the past decades, studies have demonstrated that an optical telescope operating at
an observatory site is subject to a varying thermal environment which influencéertinealt
behaviour of the tlescope structure and its optical performaneery, 1943. At an
observatory site, an optical telescope interacts vatious climatic elemen{§igurell), thus
the relative effects induced by each of thedementson the operatioal and optical
performance of the telescope varies both spatially and temp(ra#iaet al.,2016a Tselaet
al, 2019. 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 tle telescope structurén particular, ambient air is characterized by pemature,

pressure, humidity and density coupleith its heat capacity, heat conductivity, viscosity and
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motion (Greve and BremeR010. These characteristics, which can also be referred to as
paranetes of ambient air vary daily, monthlyegrly and seasonalltherefore their properties
and profiles at éocal observatory site ought to be known for robust thermal modelling of the

telescope structure.

Environment Telescope
Components
Insolation ]
Sun [ > !
S - > Telescope Tube
Radiation )
Sky < > Conduction
Ts(t) ﬁ
Convection J . .
. ™ Fork Arm, Elevation, Azimuth
Air < >
T"‘(t) Conduction
7 <: > Convection
Radiation
k
>
Radiation Base, Pedestals
Ground< >
Te(t)

Figure 11: lllustration of the interaction between the varyiglgmatic environment and the
telescope components, coupled withtheensfeprocessesvariables § Ts(t), Ta(t) and T(t)
denotes solar radiation temperature, sky temperatarkient air temperature, ground surface
temperature respectivel$gurce Greve and Breme010)

One of the basic pamsetes of ambient air which has been studied widfgy thermal
considerations of sitbased opeiir telescopess ambient air temperature (hereafter, denoted
“¥) for exampleBaarset al (1988; Bayleyet al.(1994); Borovkovet al.(2004); Bremer and
Greve(2011); Bremer and Penalvg2002); Choet al.(2010; Cho et al(2009; Greveet al.
(2005; Mittag et al.(2008; Tselaet al.(20163; Tselaet al.(2016; Ukita (1999; Ukita et al.
(2009); Vogiatzis(2010; Vogiatziset al.(2014; Wresniket al.(2007); Zhenget al.(2012.
Analysis of ¥ 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 locatedt. has been shown that temperature variations of the tgdestructural

29



components tend to follow or gradually respond to oscillatiori§ et the siteHowever, the

rate and magnitude eémperature variations would depend (to larger extent) on the thermal
properties of structural components as well as ttegadl size of the solid telescope structure
(Tselaet al, 201§. Therefore, the relationship betweahand telescope thermal response at
the site ought to be investigated and well understoartder to determine(i) the exteniof
influence that’¥y has on the specified operational temperature rafggitical components
such as optics, detectors and supporting structureff@gt on the tube stability for achieving

the pointing accuracy requirement of the telegcdiii) thermal time constants of the telescope
components, and (vi) options for developing a thermal dynamic model for correcting the

temperature variations.

As shown inFigurellthat solar radiation injects heat ttedescopeSolar radiation is a
major natural heat source for opain groundbased telescope&feve and Breme2010 and
can provide heat of about 1000 W/at ground level on a clear dajdnticet al, 2010 Cengel
and Gajar, 2011). The solar radiation interactior(Figure 11) is initiated bythe radiation
incident on the telescope surfageea and thereaftethe telescope surface area would lose

portion of the incident radiamnergy by emission and reflection as follows:

(12)

8
wherev represent the net rate of radiation heasfer- ‘O is the blackbody emissive yer
of surfacearea” is the proportion of reflected radiation by, and"O denote thencident

radiant energy o0 .

The effect of radiation emitted by the Sidngure11) during daytime on the telescope
structure varies depending olne orientation of thetelescopejpaint usage and use of the
enclosure i.e. @me For example, a telescope receiving direct radiant energy would have
uneven heat distribution across its structural surfacedueeto some surfaces not exposed to
the sun directly. Thisnay cause thermal expansion of the surfaces and possjied
misalignmentswhich collectively may affect the operational temperature range of critical
components, telescope pointing stabibiyd optical performance. However, the detrimental
effect of the radiation emitted by Sun can be mitigated, especiallyp&rar groundbased
telescopes by use of white paint such as Chemglaze A2i#&vd€ and Breme2010 and
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doublelayered structural designgor insulating critical componentsT¢elaet al., 20163.
Furthermore, placement of the telescope in anosure such as dome, can potentially
eliminate the radiation effe¢particular during dayime) in a way that each of the telescope

structural surfaces is isothern{@reve and Breme2010)

I n addition to t hewndalso poseasanarge distudbanceafari at i o
groundbased telescopes. Wind disturbance ig besgated wherthe telescope is placed in
an enclosurérigure12); otherwise exposure to winds of approximately 2 to 3 casild shake
the telescope and cause pointing instabigdwadoski 1981, Bely, 2003.

Enclosure

Optical
tube

Axes - Wind

tilts
—
S o
Base; -
pedestals
Floor

Figure12: 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 throwgbrations on thgroundand base/ kestals Source Bely,

2003



Wind has effects on the telescope structure, optical mirrors, and telescope piers or
pedestalsKigurel?2). The effects can be categorized as static or dynamic. In particular, a static

wind effecton a certain telescope surface component has the following load:

(VI (13

whered denote the drag coefficie(ttasedon the geometry of the telescope bgdyjlenote

air density,0 denotewind speedanddi s t he telescopeds surface
direction (Bely, 2003. Equation(13) typically describes a forcé( generated by a constant

wind, assuming a laminar flouncident on the telescope components i.e., cylindrical tube

carrying the optal mirrors

Whereas, a dynamigind effect would be given by:

Yo i (14)
YQ

where "Yodenote the Strouhal number (approximated for different structural shaype€s),

denote the transverse dimension of tlegrent and) denote wind spee@ely, 2003.

Equation(14) typically describes pressure exerted by swirling vortdes tovortex
shedding around the telescapafacesThese vorticebave a nossteady floncomponenand
may result in large amplitudescillations(Cengel and Ghaja2011). Above dl, information
pertaining wind speed, wind direction and air density at the location of the telescope, consist
of pivotal inputs in the modeling of convectiveahdransfer between the ambient air and
telescope surface&feve and Bremef010.

Other interactions that are important for thermal considerationeofelescope include
ground and sky temperatur@sgurel1l). It is known that the telescope is radiatively coupled
to the groundand sky(Greve and BremeR010) For example, foa given ground, it has
unique thermal properties including emission and absorption coefficients at infrared

wavelengths; and asesult the ground (where the telescope is based) would experience
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warming during the day and radiate the heat toward thectgdéss | i g hintothe 8ky si g h't
during nighttime. Similarly, due to temperature difference between the telesmpponents

and sky, the telescope would interact with the sky radiatively; hence radiative cooling of the
telescope toward the skyurthemore, relative humidity can be used to determine sky
temperature(i.e. low humidity ~ dry weather conditions or high humiditywet weather

conditions)to which the telescope is radiatively coup{(€teve and Kaerchg2009.

2.3.2. Seeing effects due to temperature fluctuations

One of the effects which has received considerable attentiinre seeing mainly as a
consequence of temperature gradients betweeopteal mirror surfaceand™¥. The same
effect may also occur when temperature differences are induced in the mirror. As the air
temperaturefluctuate on a daily basis, the mirror temperatudegending on itsize and
thicknes) may not change simultaneously witl§ around 1, and hereforecould remain
warmer or colder than ambient air for a considerable time periodentygerature difference
betweerthe mirror andits surroundingriggers a transfer of energy by convection, whgi
thin turbulent layer occus fewmillimetes above the mirror surface which affects the optical
path (Greenhalght al.,1994).

33



______ ) {,,,_._
Incoming
light
reflected|
light Telescope
A A |77 tube

‘ Thin turbulent
1 layer with warm air
1
|
I

rising

Figurel3: Hypothetical telescope mirravithin a tubeat different inclinations showing a layer
of uprising warm air as a result of netliconvection thus leading to mirror seeing. In all three
mirror inclinationsaccording td_.owne (1979)the worst mirror seeing condition occurs when
the miror isfacinghorizontaly while thewarm air rises in the vertical light path

For example, the uprising warm dom the mirror surfacalong the optical patbr
t el e s c ecopswybtat differiert inclinationgFigurel3) is likely to be detrimental to image
guality for astronomical observatiorfsowne 1979, divergence angléZhenget al.,2012
and refractive index@ohannaret al, 200Q Saydiet al.,2014 Cui et al, 2016 of the outgoing
beam for lasr ranging telescope#\ solution to address mirror seeing f the mirror
temperaturego reachthermalequilibrium with the surroundingY througheither natural or
forced ventilation of the mirroMNatural ventilationallows the mirror temperature to adjust
itself by tracking”Y changes through free air convection. While this approach may produce
desirable results particularly femall telescope mirrors however, for large mirrors coupled
with their long thermal timecalesnatural ventilatiormay not produce timely temperature
adjustments on the mirrevith respecto rapid changesf “Y . As a result, experiments have
shown tkat mirror seeing rapidly diminishes when the mirror undergoes forced ventilation
(Zagq 1997).
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233.Analysi s strategies for telescopebs t her m:

Groundbased telescope utilized for laser ranging observations of-bpaeel targets at
subcentmetrelevel accuracy can suffer from structural and optical deformations induced by
thermal variations. These deformations are known to be detrimental to the telado®pe
displacements and defocusjrigereby affectingpointing performance. It is an exjpeertal
fact that classical telescopes built from materials such as aluminum and steel are subject to
varying dimensional changes due to external and internal temperature c{iittgepet al.,

2008 Murphy Jret al., 2008 Vogiatzis et al, 2014. Therefore,analysis oftemperature

variations and induced deformationstofé¢ t el escopeds critical c¢comp
consequent effect on the overall pointing error budgeimportart for (i) a thorough
explorationof the extent of their influence on the telescope performance, atite@glection

of suitable conbl measuregthat can be either passive or acfjv@-orderto mitigate the
temperature variation@Baarset al., 1988 Enardet al, 1996 Bremer and Penalve2002

Atwood and O'Brien2003 Ukita et al.,2007 Tselaet al.,20163.

One of the key factors in the operatioaald opticalperformance of a groudshsed
optical lasertelescope, is thermal analysis of the telescope structure and associated optics,
based on the thermairoperties of component materials and their intevactivith the
environment mainly through conventional heat transfer mechariBehg 2003 Greve and
Bremer 201Q Cengel and Ghaja011). The relative effects induced by the heat transfer
mechanismse. conductionconvectiorandradiationon the performance of the telescope vary
both gatially and temporallyGho et al.,201Q Bremer and Greye2011;, Vogiatziset al,
2014).
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Figure14: A 3-dimensional model of the-thetreapertureLunar Laser Ranging telescope
the Hartebeesthoek RadiotAanomy Observatorgisplayed in ANSYS software

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

Usually locally-paraneteized temperature control systems are put in placesgulate
the temperature of critical components of the telescope, so as to entwegdie kept within
their desgn temperature rang@) theyreach thermal equilibriurand (iii) maximum telescope

scientific performancéor exampleMurphy Jret al.,(2008.

Telescope thermal variations caused “lfyare usually analyzed using three widely
known methods The first methodentaik simulating thermal variations using Finite element
(FE) modelling software on a geometrically accurate tdreeensional model of the telescope
for example Figure 14 coupled with corresponding thermpiopertiesof the component

materials and typical spattemporal climatic paraetes (Ukita, 1999 Greve and MaclLeqd

36



200% Choet al.,201Q Vogiatziset al, 2014 Tselaetal., 20163 Tselaet al.,2016k Greiner

et al.,2018 Wanget al.,2018. Furthermore, the reliability of thermal simulation results would
depend to adrge extent on the defined boundary conditions, correcimedeszation of
thermal loads which includir example™y, film coefficient of air temperature (hereatter,
denotecdh) and material thermal propertieéqgiatziset al, 2014. After all, simulation results

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

The second method infrared thermography which uses a camera to detect photons of
thermal infrared radiant energy exiting the target object, in the two primary thermagdhfrar
(optimal atmospheric transmission) windows i.e53 ¢ m a#id/ eam. 8 The r adi an
isconverted to temperature and thereafter an |
distribution is displayedJensen2009 Greve and Bremer201Q Yang and Chen2011%
Tanteleet al, 2018§.

Lastly, the third method involves installation of several teeoee sensors on
strategically identi f i e dcriticadcoraponemtshheredftdr,the u g h o u
acquired temperature measurements can be fed into a thermal dynamic model for timely
monitoring, prediction and correction of the telesébge t h er ma IUkitay 4999 at i on s
Bremer and Penalve2002 Greve and ldercher2009 Mittag et al.,2008 Murphy Jret al.,

2008 Pisanuet al.,201Q Tselaet al.,2016h). Forthe current studythe first and last methods
were adoptedh order tomodel the thermabehaviourand related distortion dynamics of the
HartRAO LLR composite structure for possible impact on pointing. In particular, this entailed
(i) analysng the extenof influence of ¥ at the HartRAO site on the therntmhaviourof the

LLR telescop structure and its mirror3 gelaet al.,2016a Tselaet al, 2016; (ii) proposng

a thermal model for monitarg thermal variations and e#éd deformations of the LLR
telescope composite structfieselaet al.,20160; and (iii) quantifyinghe extent of thermally
induced tube displacements during dayd nighitime.

Several studies have used the first method described above fanalysis of thermal
variations and related deformations, coupled with their consequent effect on the pointing
performance of grountlased optical telescopes. For exam@ép et al. (2010) reported
structural thermal variations due to varyiii§y on the thirtymetretelescope (TMT) ranging
between 0.01 °C and 7.32 °C corresponding with theramadlyced deformations ranging
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bet ween 141 em and 99 &ese finithgskad ptenparal imgatt pn and
the telescope pointing with aféts ranging from 0.7 to drcsecond (hereafter, denot@dat

selected elevation anglégdgiatziset al, 2014). Mittag et al.(2008)analysed the influence of

“¥ on the pointing of the Hamburg robotic optical telescimpel 6 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 witlthe tube. Thisexpansion was
responsible for the observed peak azimutthane | evati on of fsets of 40
Furthermore Tselaet al (2016a)simulated the thermdehaviourof the LLR optical tube

assembly in HartRAO and foursdructural thermal variations of about 1 °C and consequent
total deformations that varied befWatesie 2. 9 a
which varied between 9 and 23 °C on a-wandy, cloudfree and winter day; and therefore

suggess potentialtube displacements which ought to be investigatethfar influence on the

pointing.In general, suchimulationbasedstudiegyives arindication oftheextent of influence

of ¥ on the thermabehaviourof the telescope, as well asgetbxtet of thermallyinduced
deformations which may cause displacement/ misalignment of compoffientsxample

telescope mount axes, tube and optical axis within the tultieal for pointingperformance

This information has significant implicationsrfexploring options for developing a thermal

dynamic model to monitor thermal variations, aetermininghe amount of correction needed

to be fed into a telescope pointing model to countenactnallyinduced pointing offsets.

In particular,the thid method described ar | i er of i nstalling ser

critical components becomes more reley#nteal-time measurementsf temperature (and
structural deflectionsareto be acquired for monitoringnd correcting fothermal variations
and their induced pointing offset¢for exampleBremer and PenalvgR2002; Greveet al.

(2005; Murphy Jret al.(2008; Greve and Karcher(2009; Tselaet d. (20168). This third

method often incorporates algorithanven ventilation proceduresso called active control
systemsfor adjustable cooling and thermal stabilization of critical syst&w#$ar, this method
has been tested over the years to Behie in providing detailed redime temperature

monitoring and modeling for predicti@nd correction thermalynducedpointing errors
For example,Greve et al. (2005) mounted 156 thermal sensors on the Institut de

Radioastronomie Millimétrique (IRAMBO m telescope for temperature monitoring and

prediction of structural deformations from FE calcula$ (see als@®remer and Penalver
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(2002). As a result, the study predicted deformations with an averegeacy of 0.03 mm

coupled with pointing correctionsiElandAza c cur at e t o a Imitavapprohahh. Fur |
was adopted byAntebi et al. (1998)for the 50 m Large Millineter Telescope (LMT) and
reportedlyfound residual surface deformations and pointing root mean sq{iRi8l) errors

of 13.5 em and O0.5da respect i smtifiegd RM&lerioc h wer
budgets of surface deformations and pointing accuracy of the LMT telegtispavuet 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 inalirebes, temperature transducers and a-ocontact

laser alignment system, in order to guide development of a robust mathematical model for
instantaneously correcting the thermal pointing errbrsaddition, virtuallysimilar studies

with varying model outputs have been conducted for various radio and optical telesaopes (
exampleBayleyet al.(1994); Lamb and Woody1998; Borovkov et al.(2004); Ukita et al.

(2007); Greve and Mangun2008; Mittag et al.(2008; Murphy Jret al.(2008; Vogiatzis

(2010; Mészéarot al.(2014).

FurthermoreVogiatziset al.(2014) presented a thermal model foundedQiyo et al.
(2010)thatutilize 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 structuas well as derivinghe corresponding pdiimg error
during operationMore recently,Tselaet 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 motigymal variations and relate
deformations of the LLR telescope cposite structureso as tocompensad for thermally
induced misalignments that lead to pointing erforshe LLR telescopélessand calibration
of RTDs for accurate temperature measurenteate been reportecing a twoway separable

mockuptube struture (Tselaet al.2016.

With regards to optimal thermal modeling of a telescope, it is worth mentioning that a
major challenge iso develop solution strategies that catively control i.emitigate through
forced air,and stringently constrain the thermal variations at approximately Me@oby Jr
et al, 2008 especially for the optical tube assembly includitggmirrors in an opefair
environment.Relative to active control, passive control measures can also be adopted to

constrain thermal effects arising from heat transfer mechanisrase Tieasuresntailcoating
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and insulatinghe telescope surface components, and a telescope structure design comprising
a combination ofearzero coefficient of thermal expansio(CTE) material components,
which would eithemallow minimal thermal effects and/canl the thermal effestthrough
selfadjustment of the telescope oplielementsand structureAtwood and O'Brien2003

Bely, 2003. However, passive control measures may not yield desirable rigsphsticular

timely selfadjustments of the telescope structure and optickeriextreme and rapambient

climatic changedor exampleUkita (1999.

2.4. Concluding remarks

This chaptercontainsthe basics of the LLR technique and scientific contributions
emanating from the LLR measurements. This was follokgda discussion on the
chronological establishment of observatories or stations equipped with langmg
capabilities across various parts of the world. Additionally, relative performanceéssms of
ranging accuracies by each of the LLR stations wss discussed, including the biased
geometry network of LLR stations globally. Key to the relapeeformance of grountdased
optical telescopes such as the LLR, this chapter acknowledged various disturbances that could
influence the pointing performancoé openair optical telescopes operating at an observatory
site.

These disturbances were idemtifito be mainly as a result of, the varying climatic
environment mechanical misalignments, gravityand thermallyinduced structural
deformations. Furtherme, the effect of these disturbances on the operational performance of
site-based opesir telescops was discussed. This was followed by a discussion on various
solutionstrategies particularly on the analysis of thermal variatiorsder to determing(i)
the extent of influencambient air temperature has the specified operational temperature
range ofcritical components such as optics, detectors and supporting structure, (ii) effect on
the tube stabilitycausing displacements detrimentalpt@inting accuracy (iii) thermal time
constants of the telescope components, and (vi) options for dewglapihermal dynamic
model for correcting the temperature variatiortss review literature show consensus on that,
the severity of disturbances encountel®dgroundbased telescopes vary depending on the

observatory site characteristics.
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Therefore,this backgroundlaid a foundation for the current research study(i)
investigatehe extent of influence ofaryingambient air temperatures the HartRAO site on
the thermalbehaviour (thermal response times and deformations) of fite-ever LLR
telexopein the SoutherrHemisphere(ii) presenta thermal model for monitoring thermal
variations and related deformations of the LLR telescopeposite structuréiii) quantify the
extent of thermallynduced tube displacements during dagd nighttime, so as to inform
efforts to determine the amount of correction needed to be fed into the LLR telstsmigg
and pointing model Combrirck, 2014 to counteract thermaHlynduced pointing offsets.
Lastly, it is worth mentioning that portions of theackground literature presented in this
chapter, especially in sections 2.2 and 2.3 have been published in journal papeibgtite
author Tselaet al.,2016a;Tselaet al.,2016b; Tselat al, 201§.
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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
(Figurelb5) and operates the following instruments for geadatid astronomical observations:
the26 mand 15 nradio telescope National Aeronautics and Space AdministratibiASA)
MOBile LASer 6 (MCBLAS-6), SLR, Russian satellite ranging system «Sazh&htOWS»,
Global Navigation Satellite Systean(GNSS) basetaion receiver as well as gravimeter
seismaneterandseveralweather stationsn site The coelocaion of these instruments enable
predse orbital measurements and smg#lometrical errors for computing geodetic and
astronomical paraetes within the gldal geometry network Qombrinck 2011
Munghemezulwet al, 2019.

VGOS 12m
antenna

18m telescope

used for i
RadioAstron " \ Russian SLR

NASA MOBLAS-6
satellite laser ranger
‘ Training

§ i |
- -
B ) sed & Rl
telescopes > 5 -

7.56m telescope - e e R e T, S S R
all sky surveys 2 = Vault: Gravimeter:
=, 3 Seismometer

Lunar laser ranger

Global Positioning System
Base-station antenna

Figure 15 Overview of geodetic andstronomical instruments based at the Hartebeesthoek
Radio Astronomy Observatory (HartRA®@yated north of Krugersdorp Bouth Africa. This

is the only observatory in the Southern Hemisphere whereissichments can be fourod-
located in one sitdn 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 telescopeHigure 16) which is located at HartRAO was previousledsy
OCA for Satellite Laser Rangin@6mbrinck 2011). Various componentsx-OCA telescope
are currently beingevamped forintegraton at HartRAO,coupled with the installation of
modern instrurantation and development of subsystemith LLR capabilitysuch asiaser
and optics Botha 2016 Ndlovu et al.,2016 Nkosi et al, 2016, timing Munghemeulu et
al., 2018, pointing and control Nickola and Combrinck2011, Combrinck 2014 as well as
thermal monitorindTselaet al.,20161.

Figure 16. The ex-French Imetre aperture Lunar LaseRanger (LLR) stationed at
Hartebeesthoek Radio Astronomy Observatofie integration of other components such as
the inner tub&€omponentss still in progress at HartRAO; hence are not show

This telescope is a typical Cassegrain system comprising various component materials
such as, a concave 1 m primary mirror andvean0.3 m secondary mirror mounted on the

spider assembly, and a double layered tube structure for thermal insulagare(7). In
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principle, the atgoing/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 &ser light collimation@ombrinck 2011).

Mirror Mount .
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Baffle tube
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Figurel7: Cross section and side view of thenar Laser Ranger at HartRA@dicating the
material components considered for thermal analysis in this dtladg: the spider assembly

is shown in exploded view for legibilitythis CAD model was considered in this stydo
illustratethe variousurfacecomponent materials and their respective thermal properties. The
modeldoes not include the telescope base i.e., pedestal and feet material components

3.1.1. The LLR Telescope foundation

A temporarytelescope foundation for the LLR telescope has beenpsat HartRAO
(Figure 18). The setup comprises thenassive steel foundatiomhich is importantfor the
stability of the telescope structure amoiductingpointing test§Combrinck 2011); and further
facilitates the process of removing the telescope to the appragteatdescribed iMNickola et
al. (201)). Thetelescope is housed in a roff enclosurgFigure 18), such that when not in
operation and/or during unfavourable weather conditions it can be encldsedndile

enclosure of the LLR telescope takes approximately 2.5 minutes to open and move away, and
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can bedisassembledt the time of rdocation Combrinck 2011). Detailed information on the

telescope mobile enclosuaedthe LLR controlcentrecan be found it€ombrinck(2011) and
Combrinck and Both&014).

Figure 18: Developmen of the LLR telescope foundation which include, the massive steel
foundation key for the stability of the telescope structure and pointing tests (A)3 80 m
concrete to produce a steel reinforced concrete floor (B), telescope mobile enmidswursing
designed to ruoff 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 accuaatyarcsecad level with
estimated photons of-8 per minute(detected at 532 nm wavelength) based on the 130
Millijoule (mJ), 80 ps pulse width systefgble2). Detailed explanation of these requirements
can be found elseveine Combrinck 2011, Combrinck and Botha2014 HartRAO, 2005
Botha 2016. The future goal of this study is to have a dynamic thermal modelc#mat
contribute toward the attainment of proposed performance requirerabtsZ) partialarly
pointing accuracy@ombrinck 2014) To date a prototype pointing model operated on a 125
mm dual refractor testbed telescope (located ¢fosed fairly stable environment) achieved
RMS error values at the 0.5 arcseconds le@angbrinck 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 whikbxposed to the varyingimatic environmentFor
this reason,the research study(1l) analyzedthe relative thermal response times and
deformationsof the telescope structure and optice to"¥ at the HartRAO sitg(2) analyzed
the extent of thermallyinduced tube displacements during daynd nighitime, and (3)
proposd a theoretical, thermal dynant model for monitoring thermal variations and
thermallyinduceddeformatiors of the telesqme structure and optics; with the aim (future goal)
of determining the amount of correction needed to be fedth&telescope pointing model
(Combrinck 2014 to counteract thermalinduced 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 Rsdimomy Observatory.
The two columns do not relate to each other.

Pointing related Optical related

Pointi ng lac c ur gTransmit/ Receive efficiency: >0.9/>0.8

Tracking accur gEstimated photons:-8 per minute based on the
proposed 130 mJ, 80 pisecond pulse width

system and an atmospheric seeing condition®f@

Maximum slew ratén azimuth Return Detector: Avalanche photo diodes wifio-1
and elevation: ~3 degrees per | 200 micron aperture and detection efficiency of
second ~50%. Single photon mode with a wavelength of
1064 nm ;

Position r es ol ( Startdetector Fast (< 3co seconds) photo diode

detecting at 532 nm wavelength. Single or

multiphoton mode.

Range pecision: 1 mm Effective focal length: 7.6 m

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

Figurel7 discussed earlier, presents-difiensional geometrical model of the telescope
prepared in SolidWorksQnwuboly 2013. This mode] coupled with its thermal properties
(Table 3), wasusedin this studyto perform thermal and structural simulations in ANSYS
software.The material componentsf the computeaided design (CAD) model shown in
Figurel7 are deemed sensitive 1§ and play an important role for pointimgcuracy Perry;
1943. In addition, the thermal properti€Bable3) related to each component matepiay an
important role in the correct pangterzation during thermal and structurahaly®s of the
telescopeln particular, the analysegeretwo fold i.e. first, only the optical tube assembly was
consideredTselaet al.,20163 and, the second analysis entailed the integrated telesksga (
et al, 2019. Given the thermal properties related to each component mateisauspead
that,this could havehermal variations and related deformations of varying magnitudes across

the telescope structurie relation to the varying ambient air temperatures at the A&@t&te.
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Table 3: A succinct summary of selectedermal propertieof the Lunar Laser Ranging

telescopeds coGngep20@nt material s (
Zerodur Aluminium T6 Low carbon steel
7075 1023
Primary/Secondary | Inner/Outer tube Primary mirror
mi surface; Baffle tube | mount/support; Fork
irror ,
assembly; Spider
assembly; Outer ring
support
Thermal 1.46 130 50
Conductivity
k [W/m.K]
Specific heat 820 1047 490
Cp[J/kg.K]
CTE 10%K™! 0.10 24.4 11.7
Density p 2500 2800 7850
[kg/m3

From Table3 the components with lower thermal conductivik) @Gnd CTE such as the
mirrors and fork assembly (comprisifagk arms, azimuth and elevation moyntgght result
in slow thermal rsponse tims (Tselaet al, 201§ and slowinternal equalization of thermal
variations coupled with very small distortiondeflamziket al, 2010 relative to other
components; particularly with respect to HartRAO-biésed air temperaturegbites which
are on average broadly estimated in the range 0 °C to +G8laet al.,20163. It is therefore
important tosimulatethe extent of theseariations withthe highest jpssible accuracy #order

to guide the development afdynamic thermal modeT éelaet al.,20160.

3.2.2. Finite element model of the telescope

In this study, the FE model of thenietre LLR optical telescope was generated in
ANSYS (Figure 19) which considered appropriate element types for the varying structural
shapes of the components; such as thBnfensional 4hoded tetrahedrons andn®ded

hexahedrons for the fork assembhdaube respectivel§Tselaet al.,20160. The FE model
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of the telescopéFigure 19) hada total of 423097 nodes and 269307 elements across all the
considered componen{§able 4). Only a relatively small number of nodes regarded as
thermally importantwere selected for the mounting of temperature seri$atde4) since, the
installation of temperature sensors at all FE nodes may not be préBtexaer and Penady,

2002 Greveet al.,2005.

VT ATAVAVANAND

’VIP‘ A v A A
WU
0.000 1.000 2.000 {m)
 — S—
0.500 L500

Figurel9: Finite element model of thetegrated 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 migddl for analys does

not include the pedstak and feet.
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Table4: The total number of nodes and elements from the Finite element (FE) model of the
Lunar Laser Ranging telescoaed 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 ) =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 thedelge components which are likely to have large
thermal variations and related deformations dugstfTselaetal., 2016a Tselaet al, 201§.

These simulations were considered in this research study to guide the seletitiermatly
i mportant nodes throughout the FE model of
(Figure20).
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2,000 (m)
_—

& Primary mirror blank

P

Secondary mirror blank

Figure20: Proposed locations of temperature sensors on the telescope components. The red
dots represent relative positions where the sermaykt tobe mounted closer to the selected
Finite elemehmodel nodes of the telescope structure and ofaiicacquisitionof reattime
temperature measurements

3.23. Temperature sensorsand calibration

The mountingof 136 RTDswas plannedon the telescope components, virtually
corresponding with the saited FE nodedT@ble4).Int hi s research study,
Cl ass 0 MORTIP thia film semsors manufactured by OMEGA were selected in
accordance witthesystem design specificatiortdgrtRAQ, 2009. In particular these sensors
can detect any temperature within the raxig¥ °C and +10(°C atan accuracy level af0.5

°C (or better given the observed ambient air temperature profiles of the HartRATssifiee(
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al.,20163). Additionally, these senso(g§ havea smooth contacting surface which is ideal for

good thermatontact, and (ii) are compact in size, with dimensions of 2 mm (W) x 2 mm (L)

x 0.8mm (H).The OB200 epoxy adhesiviEom OMEGA with thermal conductivity of 222
W/m.kwas used to glue RTD sensors onto a target surfémgvithstanding their utilization

forr t her mal monitoring of oMuphylfetak,20@8, R¥DOsr | d 6 s
have been widely repad to possess excellent accuracies over wide temperature range,
improved linearization, longerm stability and aannual drift below 0.2C (Greenhalglet al,

1994 Ibrahim, 2002.

Figure 21: (A) Mounting of the 15 DS18B20 reference sensors iwithe mockup tube
(clearly depicted in section 3.2.5)he backend of the tube is fitted witholystyrene which
represents an insulator, with virtually similar thermal properties to-thetleZerodur primary
mirror of the HartRAO LLR telescope. (B) @cealment of the 15 mounted DS18B20
reference sensors and wires within the tube using a gregtiosutape.

Furthermorethe DS18B20 senso(4-wire digital thermanete) were used to calibrate
and comparéemperatureneasurements obtained from the R3@&hsors during day and night
for successive day§igure2l, Tselaet al, 201§. ThisDS18B20 1wire digital thermaneter
detectstemperatures betweefl0 °C and +85°C at anaccuracy of +0.2C. A total of 15
DS18B20 sensors were randomly mount@dhe mockuptube close to any of the mounted
RTDs (Figure 21, Tselaet al, 2016. As a result, thaliscrepancy between the RTD and

DS18BdD concurrent temperature measurements at sampled locations was found to be on
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average +0.8C, and therefore both sensor typesre considered in this study be reading
the same temperaturehese tests were impontiefor detection of possible defectstie RTDs

prior to installation on the HartRAO LLR telescope structure.

3.24. MAQ ®20 Industrial d ata acquisitionand control system

The commercially availableMAQ®20 data acquisition systenfigure 22) which is
manufactured by Dataforth Corporatjomas used in this study for the ramhe logging of
temperature measurements from the moue2i0 2 0 , Plat@wn RADR discussed in
section3.2.3 This system takes in a set of RTD31 moduéssch with 6 input charelsand
has a modulelependent system accuracy of +0.00383gure22).

> =
RTD31 module

Figure22: lllustration of the MAQ®20 data acquisition system comprising the power module
and multiple input modes(https://www.dataforth.com/maqg20.a3ph particular, thénalog

input module i.e. Resistant temperature detector (RTD) 31 with 6 input chasungt®rs
connectionothe3wi r e 10 0 tgmpérdturetsensors osed in this study.

These modules supgidhe 3wire RTD configuration which has an embedded {eae
compensation circuit to eliminate the effects of wire resistéifdhan and Sed999. For
instance, the wiring usad this study(i.e. Catbe 1zore shielded cablespans a distance of
9.4m,whchhasleadvi re resistance of 1.77 Y Nfr 8%.

by the RTD31 modules) was estimated to erroneously offset temperature measurements by

approximately 4.6 °C.
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3.25. Mock-up telescope tube sticture

The Tmetre aperturemock-up tube Figure 23) which resemblesirtually similar
material and structural properties of the HartRAO LLR telescope Rigeré16, Tselaet al.,
20163 was used in this styd to conductsensor calibration (section 3.2.3) atigermal
experimentsfor comparison withthe derived thermal simulatior{Sselaet al, 201§. The
mock-up tube is a tweway separable structure with a combined length of about 2500 mm and
a dianeterof 1020 mm Figure 23). As shown in subsequent sectiorenperature sensors
were mounted on the outer tube surface and arranged systematically (guided by the initial
thermal simulation results reportéd Tselaet al.,(2016a) in order to measure the thermal

variations across the tube surfatéhermally important nodes

R

Figure 23: Aluminium mockup tube structure used for conducting thermal experiments

3.26. Multi -Station and Prism Precision Reflectos

The Leica Nova MS50 Mukbtation manufactured by Leica Geosystenss an
instrument for measurg) calculating and capturing data. In this study, the rstdtion wa
used to condudaser distance measurementptism reflectorgFigure24). This multistation
can range to @rism reflectorlocated at distnce 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¥he ranging or dis@ance

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 0.33ImiMs study.the
prism reflectorgFigure 25) were setup to point directly athe multistation In particular a
total of4 Leica GPH1P Prism Precision Reflectdfg(ire25) were usedor the setup. These
reflectors have aentring accuracyof 0.3mm (which relates to the optical ceabf the prism)
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at a range distance of up to 3500Repeated laser distance measurements to the aeitae
of the prisms mounted on the LLR telescope tube, are expected to yield distance variations

between the trueentreand the apparermentreof the prism especially due to tube thermal
variations.

Figure 24. Leica NovaMS50 Multi Station (A) based in HartRAQB) used to monitor
coordinate displacements i.e. the northing, eastinghamght of theGPH1Pretroreflectors
mounted on the Lunar Laser Ranger tube structure.

(a) (b)

R 39.5

Figure25: (a) Leica GPH1P Prism Precision Reflectioat was usd for measuring coordinate
displacements and (b) its corresponding dimensiofisttps://accessories.leica
geosystems.com/common/shacdenloads/infdownloader.asp?id=177p3
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The automatic logging of-B coordinate displacements from each of the 4 pri§iigsi(e
26) took place during consecutive dayd nightt i me 6 s  airttervak. Tms setuptaided
efforts to determine the extent of thermailhduced tube displacements during dayd night
time. In general, laser alignment systeomild beregardedas an alternative methdGreve
and Mangum?2008 Pisanuet al.,201Q Zhenget al.,2012 Cui et al, 2015 Hu et al, 2015
relative to traditional approacheBrémer and Penalve20®2; Greveet al.,2005 Tselaet al.,
20161 to detect and measure the extendlgkbctdisplacementparticularlyof t he t el esc
critical components as they undergarying disturbances shb as,thermal expansion or

deformationtriggered by the local climatic environment

Figure26: LLR telescope at HartRA®xcluding the tube mirrors and spider assembly which
are currently being revampeth particular 3 LeicaGPH1P Prism Precision Reflectors are
mounted onto the froregnd of the tube (closer to where the spider assembly is mounted) and 1
more prism is moued onto the telescope bdseed to the pedestalsvhich arefixed 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 shiased air temperature profiles are displayd€igare
27to indicate broadly, the temperature rangedpeaksas well as the approximate timefien

rapid temperature changes occur at the site.
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Table5: Summary of data sets used in ttgésearch study

No. | Data set Description Use Provider

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

input paraneterduring thermal analysis of the telescope, wefloas
determining the relationship between temperaturegeladcope tube
displacements

2. RTD Temperature measuredrasrked locatins | On the nock-up tube(i) conducted tests of accurdémperature Self
temperature | (i.e. thermally important FE nodes) on th readings in relation toeadings obtained through a sample of DS18H produced
measurementy mockup tube as well as the LLR telesco sensors; (ii) interpolatieibe temperature at unmarked locations, (iii)

tube analysis of the magnitude of tube thermal variations under differen
ambient temperaturendtions, and (vi) compare acquired thermal
variationswith the derived thermal simulations
On theLLR telescopdube determining the relationship between tub
temperature and tube displacements

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

base structure. These measurements er| distribution.
displacements in the height, northing an
easting of the tube and base.

4, Interpolated | Realtime RTD temperature measuremel| Testing of proposed thermal modé&kélaet al.,2016hH on the tube Self
tube at marked locations were used to structure produced
temperature | interpolate temperatures at unmarked
gradients locations (i.e. locations without I3&ors)
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Ambient Air Temperature °C

0 3 6 9 12 15 18 21 24

Evening - Morning  Morning - Midday Midday - Afternoon Afternoon - Evening
Hours

Ambient Air Temperature °C

Evening - Morning Morning - Midday  Midday - Afternoon Afternoon - Evening
Hours

Figure27: Hourly diurnatair-temperature changes at the HartRAO site for summer, winter and
autumn seasons of 2009 (a) and 2013 (b). These tempepattsaevere used to guide the
estimation of the wiest 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 termal variations

The analysis of thermafariations on the telescope composite structbigufe17) was

performed in ANSYS softwanesingheat transfeEquatiors (15) and (L6):

P B Y YR D Y YH D Y YO8 (19
- Y Y Y

? Q6 —0U 6 —0u b — 8 (19
r o [ T a

In Equation(15) & represents the convection heat transfer rate between the telescope

components andy at the HartRAO site. Herdn and T, denote the film coefficien of air

temperature (W/A°C) and ambient air temperature (°C) respectivaitHand (Hdenotes

o A

the unit vectorsp B andd represent the surface areasmetes; "YR'Y and”Y are the

temperatures ifiC of the coresponding surfaces in three dimensional space of the assembled

telescope structure respectivefefngel and Ghaja2017).

Furthermore, ifEquation(16) ® represent the conduction heat transfer rate through the
telescope component materials as a result of their temperature différenge three
dimensional space; and the thermal condugtikiin W/mK (Cengel and Ghajar2011).
Subsequent to the abovementioned heat traf&faatiors, the analysis of heat transfer by
radiaton 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 otetbgcope structure and
optics Although, this particular important analysis was not conductadgusNSYS) in this
study, efforts were takenin this studyto acquire and monitor reime RTD temperature
measurements of the LLR telescope tube structhiehmwvas exposed to the sun, ground and
sky radiation (during day and night) at the HartRAO Sitas information was then linked
with simultaneouy acquired, electronic distance measuremenish# displacements-order

to determine thextent of themally-induced tube displacements during dagyd nighttime.

The telescope composite struct(ffegurel7) was assumed to be at an initial temperature

of 9°C and subsequently subjected ¥otypical of the HartRAO sit@~igure27) encompassing
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a 24 hour time peod for a particular day in June (winter). In this study, we assumed stationary
air at room temperature around the telescope structure by adopting a donstastof 0.025
W/m?2C. This assumption thus excludes the wind effect during this thermal abh&lyause, at
HartRAO, no ranging to the lunar reflectors is expected to take place under windy conditions.
However, thevind effect including the varyingvalues representative of natural and/or forced
convection are possible future considerations forcilmeent analysis so as to approximate
reality (as far as possihlen overall, this analysis provided insight about the magnitude of
thermal variations on and beten the telescope components, particularly how these

components thermally behaved in respons&t(rselaet al.,2016a Tselaet al, 2019.

3.4.2. Analysis of thermallyinduced deformations

The analysi®f thermal deformations of the telescope component matéFigisre 17)
was performed irANSYS softwaretaking into cognizance theaterial length and volume
changes due to thermal variations, expressed@s¥nd| o “Yh Equatiors (17) and (18)

respectivelyDalcheret al, 1977:

Change in Il ength ( a « L 3 (17)
Change in volumen(®) with temperature: L v Y oY | ety (@8

In Equation(17), the ¥ mb arkpre§kents the linear CTE which quantifies the amount of
strain on a material with a change in temperataie T h e  siry Eglatoh(18)Henotes
the volume CTE or the extent to which the volume of a material changestgolget This
analysis was conducted using ANSYS software to provide a spatial and temporal indication of
the tdal thermal deformations of the telescope component materials in the x, y and z directions
(Tselaet al.,20163.

3.4.3. Description of the proposed mathematical thermal model

The thermal model presentéd this sibsectionwas initiated byGreveet al. (1996)

followed by notable refinements later dr¢mer and Peteer, 2002 Greveet al.,2005 for
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detailed thermal modelling of radielescopescharacterized byarying design specifications

and climatic environment®asically, the modeéntailsinstallation of several temperature
sensors on strategically identified | ocati o
Thereafter,reattime temperature measuremersgee acquired anded into amathematical

thermal model for monitoring thermal variatiorsnd calculating thermallyinduced
deformations of the telescope structure. This informatembe used tdeterminethe extent

of thermallyinducedpointing offsets, anthe neededorrectionseither in the pointing model

paranetes (Wresnik et al, 2007, Combrinck 2014 or throughmicroprocessecontrolled

venting system(Bremer and Greye011).

Notwithstanding the importance of the simulatimasednethodfor example Choet al.
(2010 andVogiatziset al.(2014 by far, the abovementionethethod has been tested over the
years to be reliable in providing detailed ra@ale temperature monitoring and mdidg for
prediction and correction thermalfigduced pointing errorseven for optical laser telescopes
(for exampleMittag et al. (2008). In particular, this studydescribesprocedures of the
mathematical thermal model adapted for thermal nimdebf the HartRAO LLR optical
telescopdTselaet al.,20160 in-order to mitigate thermal variations of critical components to
~ 1 °C and contribute toward the attainment of the required pointing accuraeyaof
(Combrinck 2013

3.4.3.1 Modelling of thermal gradients

Temperatures measured at the selected FE nddg®f(the LLR telescope structure
(Figure19, Table4) are usedo interpolate temperatures of the elemeB)sof the telescope
structure using interpolating functions. These functions are basically polynomials whose
degree is dependent on the number of noBesnger and Penalve2002 Greveet al.,2005.

In paticular, the temperature of every element viithodes can be expressed udiggiation
(11) as follows:
"Y e w0 oo Yo (19

where @ ofufx  represents the row matrix of the temperature interpolating function
¢ ofuhd ; and YO denotes the column matrix of nodal temperatures as sdaraf time.
Thereatfter, the interpolated temperature€quation(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 ofEquatiors. Shce the thermal gradients are multidirectional within #lements

(i.e. may occum the x, y and /or z direcns) they can be derived usiBguatiors (20) - (22):

PR 1o iy, (20)
T w T
YR 16 ofuhy (21)
T T o
T ! (jVL,jV[:( T (b D‘JVL,jvl[::[ o \ (22)
- a L - a L YO
T a T a
wherei = 1 , abdk represents the number of nodes with sensors where measurements are

sampled. Therefor&quatiors (20) - (22) can be written in a matrix dsllows:

R 15 L T O 1 R mwu 10 23

e T w g 1 0.) "

=1 huhy - Mo e T o umm 0 (de”a T
2 U &ﬁﬁﬁﬁ;i 0 whudx “Yo
(@} vav v 11 T (‘0 Y]

T "Ydhuha Mo i T 0 od‘uh)( 0 (,dnm..

¢ 1a O u 14

where 6 ofvhd represents a matrix of the interpolated thermal gradients throughout the
telesope structure.

Furthermore, thermallinduced structural deformations can be calculated from the
abovementioned interpolated temperature gradients throughout the tel&spaogeors (19) -
(23) represent the firgthase of the thermal modeldalculatg(interpolatedYhermalgradients
of the HartRAO LLR telescope in retane. This phase of the model has so faetéested on

the mockup tube structure, and efforts are underwagstthe model on the HartRAO LLR
telescope structure.
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3.4.3.2. Interpolation of temperatures

As discussed above, Equati(l®) is used for interpolating temperatures betwten
mounted sensors (or at locations without sensors) on the telescope material components.
particular, Equatior{19) is alternativelyexpressedn Equation(24) below for legibility and
ease of explaining th@rocedureand thus watested in this studgn the mockup tubstructure
for the interpolatia of the telescope tube temperatures:

S . (24)
v i 6 e Y o

For improved computational efficiency (given the largember of FE model nodes of
the LLR telescope structuEigurel9, Table4)) during the interpolation procedure of finding
unknown temperatures frofewer marked positions with RTD sensors, a slightly modified

version ofEquation(24) can be written as:

B "Ya (25

wheren or mdenotes selected nodes (positions) with RTD sensors out of a tdtdtioite

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

Furthermore, the weighting functiah is defined as followgBremer and Penalver
2002:

0 1 @ 3 Aa&o.tm (29

where thab, © andd denote coordinates in mm of thedrencesensors on thtube i e. position
without sensofT eferencdasicallydenote reference temperature usedalidatethe interpolated
temperaturg) andw, w andd denote coordinates in mm of theekswed SENSOrSI(E. POSIition

with a sensor)
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Therefore, these coordinatesere used to compute the relative distances between
measured temperatures and locations of unknown temperataretgred byTeferencd t0 be
interpolated. The panaetes n represents the order of polynomial, wheredslenotesa
numerical quantity to avoid singularities i.e. division by O particularly for locations (X, vy, z)
close to each other. In this studgguation(25) was testecbn the mockup tube structure,
representativef the LLR tule with the aim of achievintie targetedhterpolation accuracy of
at least 0.3 °CThis interpolation accuracy was intuitively selecfedthis studyin-order to
ensure that theomputedor overall temperaturdistribution is minimally (or not) inflated
erroneously Greveet al.,2005 Bremer and Penalve2002 Greve and BremeR01Q Greve
et al.,2005. Further testingoughtto be carrieebut on the actuatomponents to dhin a
holistic spatietemporal thermal behaviour of the LLR telescope composite structure in
response tOoY. This information constitutes an important phdse the computation of

thermallyinduced structural deformations.

3.4.3.2 Modelling of therrally-induced structural dermations

To computethermally induced deformations we follow the method proposed by Greve
et al.(2005) although adapted in this study to the criticelntified component materials of

our LLR telescopdTselaet al.,20161. For each important compent or substructure of the

telescope we assign the matdix . For example the matrices of the tube and
primary mirror are denoted by the matrides  and< respectively. Correspondin
to each matrix are the deformations and ) . Take note, the tube and primary

mirror are used as exemplary substructuresder to simplify the description of tineodelling
procedureFurthermorethis proceduras applied analogously to residual substructures of the

telescope such as, the fork arfE Azmounts and spider assembly.

Assume the selected number of nodes with sensbcs@n the tube is 16atcording to

Table4) we can therefore expreds  as:

&tubel D) e, dube N )

b2, e 4ube (A ) (27
CHUBETE e

&rubel16,1).....or... dube (16Y )
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whereN is the total number of FE nodes used to model the whole telescope steicture.
is similarly representedConsequently, the deformations tre tube structuree! for a

specific thermal load can be obtained by:

. euT (% ¥, 9
el ) dube ™ ) |
a 2,1) s \
DM qupell) = tube(2,1) Qupe ( )gﬂ'(:jyy,z) 29)
G g
&tube16,1)............. dube 16Y )@T(x Yy, 2
€
eUT (XY, 2)@
¢ wx Y eDl,o
ST U &y u
where g—“ (% y,z)gzg 2Hsimilar to equatiori23) (29
=y Y oél.
é U &7y
T (xy.2u &T
€ w H

wh er eT (i fle2..Ngare obtained from superposition of the individual deformations

Each element ¢ ¢ '@Q of thel matrix is obtained from the ANSYS
software(Greveet al.,2005 Greve and Breme201Q Greveet al.,2005. The ¥"Ycolumn
matrix is obtained by measuring the temperature of the relevant structure ak semsor
assigned nod@vherek is a subset set of ti¢nodes with sensorshen taking the derivative

of the interpolated temperature as described above.

3.4.4.Tube experiments
3.4.4.1. Mockup tub@RTD) measurement setup

A total of 64 RTD sensors were systematically arranged and therbmaljed on the
outer surface of thenockuptube Figure 28, Figure 29). The illustration inFigure 28 was
instrumental in the positioning, labeling and troubleshooting of RTD se(Esetaet al.,

2016. In particular, the aangement of sensors on the twbassuch that, they are equally
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spaced and dense as much as possibteder toacquire arepresentative distribution of

thermal variations of the tube structure relativé§o

Tube Front View Tube Side View
Left portion Right portion
T T 4 3 2 1
_~_ROW.8 T Yot : & -
e 1 2 3 4 i 3 5 §
(&; X X X Xt X X >, o
/ ROW_1\
/ / ROW_7 ) \ 1 2 3 4 4 3 2 1
,/(\A,.A ...... e emeeeememmeameemeeaneees e \ & e S S ) Kesrmsamdmri | Jorsamsneesisn NG Xrmomnaeeen X-eeres e
1 2 3 4 4 3 2 1
,‘ ROW_3C1 X X X X— X X x|
| ROW 6 ‘ ] 1 2 3 4 4 3 2 1
5‘0“,‘ ---------------------------------------- fofisoms X X X X X S A X i Nea=n
\ \ / 4 3 2 1
\ X X X—
4 3 2 1
X X X Xoooroses
4 3 2 1
X X: X X

X; Sensor position

— Visible sensors on the tube

Hidden sensors on the tube

Figure 28. Placement of temperature sensors (RTDs) onnttoekup 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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Figure29: Troubleshooting angdimpe calibration setup of the tube showing the mounéngd
alignment of RTD sensors including the wiring and digital me#tes.

The complete tube experiment setup comprising the tube, RTD sensors, digital
multimetes as well as the wiring is shownkigure29. During the installation of RTD sensors
it was necessary to verify and compare the temperature of particular RTD sensors. In particular,
digital multimetes were used solely for this purpodéxed within the tube at spéc,
corresponding RTD sensor locations are the DS18B20 reference dghistussed 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 pweethnecessary to ensure

verified RTD sensor readings were acquif€selaet al, 2016.

3.4.4.2. Interpolation afemperature on the mockup tube

Twenty four RTD sensors denotegledsured Figure 30) were thermally bonded onto the
outer(mockup)tube surface for acquiring tube temperature measurements and for interpolating
the temperature between theedsures€NsorsTheentireinterpdation procedure was based on
Equations(24) - (26) described earlier in section 3.4.3@n theother hand, another set of
twenty four RTD sensors denotegidrencewvas mounted between theehsureRTD Sensors on
the tube Figure 30).
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Figure 30: Portion of themockup tube depicting marked positions of the mounted RTD
sensors denotedmdasured@nd Treferencerespectively. Labels on the far left depict tube row
identity with the corresponding RTD3dodule numbeused for this experiment

In this study, the Ererencetube temperature data was primarily used for comparison with
the interpolated tube temperegudata and calculation of interpolated temperature error at the
corresponding locations othe tube. Measurements for bothedsured@nd Treference Were
recorded through the RTD31 modules connected to the ®ZXdata acquisition system
(Figure22).

Prior thermal simulation results of the telgsedubeassembly indicated the components
where most thermal variations would oc¢Uiselaet al, 201§. In particular, the simulation
results of the outer tube surface revealed minimmugximum thermal variations for a fediay
of about 1.06C when exposed td, at the site. These results showed isotherms propagating
from t hfentémgpeoa® t he t ube {andweherathetphinary diodros e d 6
is structurally located. This information was usedtrategeally identify TmeasuredOSitions on
the tube structure for placement of RTD senskigufe 30) such that a representative sample

of temperature variations can aequired

69



Figure31: Thermally bonded RTD sensors fofehsured®@Nd TreterenceOn the test tube, all wired
using the 1zore cat5Se shielded cable. Visible strips/ patches of the insulation tape aided the
alignment of the wiring.

The prtion of the tube depicted irigure 30 andFigure31, is typical of the bek-end
where the primary mirror is structurally located; and hasublength of 1120 mm with
distances of about 140 mm between RTD sEn$Tmeasured @along the tube and 127.5 mm
between rows around the tube, respectively. Furthermore, the acguiseddsbata constitute
an important paraeterin the proposed thermal moddection 3.4.3)specifically for the
interpolation of temperata (subsectiorB.4.3.9 at unmeasured Oreferencelocations on the
tube. In particular-igure31depicts the actual tube experimental setup conducted in this study,
where the RTD wiring is straightened along thbe concealed with an insulation tape; the
backend of the tube is fitted with polystyrene, which represents an insulator typical 6f the 1
metreZerodur primary mirror installed on the HartRAO LLR telescope.
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3.4.43. LLR tubgRTD) measuremerdgup

The complete tube experiment setup at HartRAO comprisingctiv@lLLR tube andb4
RTD sensorsfor the acquisition of redime tempeature measurements of the tube structure
is shown inFigure32. This expeiment setup was bas@dimarily on theprocedure described

in section 3.4.4.1 (demonstratedrigure28).

The difference between the two experiments is that, on the mockup tube, there were no
arcmetal sheet@~igure33(A)) to cover the mounted sensaaiad the mockup tube was never
integrated (unlike the actual LLR tubEigure 33 (B)) into any structure. The mockup tube
experment was pivotal for calibration of RTD sensors as well as, testing the arrangement and
strategic placement of sensors for representative readings of themyberature distribution
with respect to ambient temperatulieséla et al., 206). The testing was also extended to the

interpolation procedure of the proposed thermal model.

On the other hand, theLR tube, mounted with sensors andvered witharcmetal
sheets was integrated into the telescope structural bdelgu¢e 33) in-order to enable
investigation of the relationship between tube temperature and tempeénaiuwed tube
displacements. Note, the internal components of the LLR tube, such as the iéackrslate
and spider assembly, could not bategrated 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 experingepteduce more realistic
indications of thanally-induced tube displacements.
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Figure 32 Sensor wiring arrangement (A) and moethRTD sensors (B) othe firstlayer
surface of LLR optical tube at HartRAO. The LLR tube was placed on a metal stand that aided
the LLR tube gperiment setupAn expanded view of the mounted RTD sensors can be seen

on the tube for legibilityC).
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(B)

Figure33: The aremetal sheets were used to cover the mounted sensors on the LLR tube (A).
These sheets insulated thexsars from external disturbances such as exposure to direct sun

light and wind. The LLR tube was integrated intothe | escopeds el evation &
at HartRAO (B).Note, the small circular openings on the frentd of the tube cover sheets

indicaie the relative locations of the famghich were not installed for this experiment.
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3.4.44. LLR tube displacement

Thisexperimentvas performed in this study determine the extent of thermaityduced
tube displacements during dand nighttime (Figure34). The description of equipment used
for this experiment is provided in secti@?2.6 of this chapterBasically, aily distance
measurements to prism reflectors mounted on the LLR tube aedsbracturevereacquired
These measurements entail displacements in the height, northing and easting of the tube and
base.ln particular, the use of 4 prisms as showrFigure 34 provided information on the
relative displacemes taking place at different parts of the telescépgure26). For example,
the prism mounted on the base structure was used to monitor the stability of the telescope base
structureand to establish whether tdsplacements taking place at the tube iafluencel by
the stability of the telescope base structlitee tube was parked at an elevation df @acing
the multistation) inorder for any tube displacements in either the Md/@r z direction to be

meaured

Figure34: The LLR tube displacement monitoring experiment based on thbastsl Leica
Nova MS50 MultiStation and 4 Leica GPH1P Prism Precision Reflectors mounted on the
telescope tube and base. Therizontal distance(d) between themulti-station andthe
respective prisms mounted on te&scopes shown in the figure
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Virtually similar experiments based on laser alignment systems have been successfully
tested(for exampleHu et al. 015) with the aim of measuringthe extentof theo b j ect 6 s
displacement and determining strategiesampensate for th@isplacements. In our case, this
could be the displacements of thee | escopeds c (such asdhe tlubegueotmp on e n |
varying air temperatures causitigermal expansion or deformatiohthe componentwhich
are known to be detrimental to telesc@pinting accuracyNlittag et al.,2008. In particular,
the output of this experiment could be emportant parmeterin the precise determination of
the amount of thermaklinduced pointing erroof the HartRAO LLR so thathe error can be
compensated in the LLR pointing model under construct@mmbrinck 2014 or througha

micro-controller \entilation system

3.5. Concluding remarks

This chaptegave detailed information pertaining the (i) study site, (ii) LLRgenance
requirements, (iif) material, data and methods used, (iv) proposed LLR thermal model and
methods used, and (v) expermteconductedn particular, it was acknowledgéuatthe study
site i.e. HartRAO has a uniglacal climatic environment ants paranetes ought to be taken
into cognizance during thermal analysis of the LLR telescbpese pammetes, such as
“¥coupled with the thermal properties of the LLR telescopepom@ant materials could have
influence on the LLR performance requirements, especially poifBety, 2003 which is
expected to be accurate dix{Combrinck 2014). Key to the attainment of such high pointing
accuracy to the lunar reflectors is, thermal analysis and control of the telescope critical
componentsNurphy Jret al.,2008. Thus, various material and data sets were described in
this chapterfor conducting firsiphase analysis ohérmal variations and thermaliyduced
deformations, with respect t§ through simulations of the HartRAO LLR telescope structure
and opticsThese simulations amdnsideredmportantin providing information regarding the
thermalbehaviour of the LLR telescope components and alsoguiding the design of the

thermal modeproposed in this study

Furthermore, the proposed thermal model of the HartRAO LLR telescope was presented
in this chapter. A sequence of mathematical stegsslaid out, spanninthe strategic placement
of temperature sensors, measurement and interpolation of temperatures, calculation of thermal
gradients and thermaliywduced deformationg.his model is regarded as a practical approach

for reattime temperatre data acquisitionf the telescope structure and optics, as well as
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calculating the magnitude of temperature variations and related structural deformations with
respect td'¥. In particular, the deformationseaknown to potentially cause displacememts
misalignmentsof the tubeandbr its optical axis, and thus detrimental to pointing accuracy
(Mittag et al.,2008. In this chapterportions @ the propsed thermal model werested
through various experiments. For example, the strategic placement of temperature sensors,
measurement (through MAER0) and interpolation of tempaures were tested on the mockup

tube as well asnthe actual LLR tube. The dwimations part of the model was not tested in

this study, however through experiments the thermatlyced displacements of the LLR tube
(assembled into the telescope elevadod azimuth mountyere determined by use of a set of
prisms and dixed multi-station at the HartRAO sitelhis information could aid in the

determination of pointing offsets due to thermatigiuced displacements of the tube structure.

During the cowse of this studythe 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. Threfore, theintegration of outstanding internal componergs
expected taake place soon as the refurbishments are completed,sawdhid aid future
experiments to produce more realistic indications of therrwatlyced tube displacements.

Most of the content of this chapter has been publishepbimnal papers yothe current
author. For example, the heat transfer mechanisms fon#hanalysis Tselaet al.,2016a
Tselaetal., 2016, the proposed thermal modélsglaet al.,2016H as well as the mockup tube

experimentsTselaet al, 2016 have been publishedespectively.
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Chapter 4: Results and Discussion

4.1. Thermal analyses of the LLR optical tube assembly

4.1.1. Aralysis of thermal variations

For ™Y that varied from ~3C to 23°C spanning the time period 00:00 and 11:38.a
the resulting minimum and maximum thermal variations across the telescope component
materials were 9.3C to 10.1°C (Figure35). In particular, the (Zerodur) primary mirror had
the lowest thermal variations of ~®Q relative to the other component materials with respect
to ")¥ for the time period under study. This observaisdiound to beonsistent with the thermal
properties of the mirror (se§chott 2011 and Table 3), especiallygiven itslow k. Timely
equalization usingeither natural oforced air ventilation of these variations on the mirror
(which respondscomparatively slow to ambient temperature changes) including other
component materialef the tubeassemblyis important for overall optad and pointing

performance of the telescodedry, 1943.

10.122 Max
10.065
10.007
9.9493
9.8916
9.8338
9.776
9.7182
9.6605

— 9.6027
9.5449
9.4871
9.4293
9.3716
9.3138 Min

Figure 35. Crosssection 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 thel-m primary mirror, mountingplate, baffle tube, middle outer ring, inner tube
suiface and outer tube surface respectively.

Further, a slight increase of ~0.28 of the thermal variations is seen on the steel
mounting plate where the mirror rests. The minimal variations revealedhdytwo
aforementioned components are in contrast with those on the tube stri&ajure §5). The
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tube structure including the baffle tube (which are both of alumifie@m075 had the highest
thermal variationgn the range 9.54C to 10.12°C with respect t6¥. In particular, tle baffle

tube is surrounded by a very good insulator (i.e. Zerodwor material) which reduces heat
transfer at the bottom side of the tube; this as a result, makes the toptharbaffle tube to

be more exposed to ambient air, hence it appears evafaditionally, the isotherms along

the tube suggest that the thermal variations could be unidirectional, propagating from the
oopenénfdr wnft t he tube tk-endaherk the prienarydnsirrooane d 6
mounting plate are structurally locatethe evident decreasing temperatures toward the

6 c | o s eeahd of theatabk, suggest continuous (natural) heat losses as the thermal energy
propagates along the optical tube iaradirectional manner. These heat losses along the tube
could have been aelerated by the contacting middle outer ring surface which is made of steel,

coupled with dissimilar thermal properties relative to the aluminium tube.

25
20
1%
o 15 —Winter Temperature
% —NMuirror Back Surface
2 10 ———— —Mirror Refl. Surface
E R/ ——Inner Tube Surface
5 —~Quter Tube Surface
0
0 2 4 6 8 10 12
Time of Day (Hours)

Figure36. Temporal thermal variations on the tube and mirror surfaces in relaﬁﬂ@typical
of the HartRAO site, during the time period 00:00 and 11:80far a particular day in June.
The thermal variations were probed frémgure35 only for the abovementioned surfaces.

Take note that the tube desigonsists of two layers or surfaces, i.e., the outer shell and
inner shellboth made of thin aluminium; thus leaving @pen region between the surfaces for
insulation purposes. This is evidentRigure 35 where he 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 tuhefaces revealed a total temperature
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gradient of ~ PC(Figure36), meaning that we can generally expect these component materials
of the assemblyo respond very slowly t6¥. However, thermal regulatory measures may be
necessary to ensure these variations are equalized ano kepinimum as much as possible
i.e., < 1°C (Murphy Jret al.,2008 to allow excellent telescope pointi(igittag et al.,2008,
thereby increasing the chance of beamgtarget with the retroreflectors located on the lunar
surface(Combrinck 2014).

4.1.2. Analysis of thermallyinduced deformations

The thermal analysis results presented-igure 35 were used to estimate thetal
thermallyinduced deformations of the telescope structure in x, y and z diredtigusg37).
Figure37 illustrates the total deformations in the rangegh®to 40.7em spanning the time
period 00:00and 11:30 an. In particular, the resistance agaiteshperature change (denoted
a7 by the mirror shows virtually zero localised deformations of the mirror as well as its
mounting plate Kigure37). These observations concur with mitidg studies on the thermal
expansion of Zerodur glass material at varying temperature profiles (i.e., betWw€ema
50°C) which showed no radial variations and excellent homogenitjagnziket al, 2010.
However, the magnitude of the error contribution fritva derivedtotal deformations of the

tubeassemblys yet to be investigated fal R telescope pointing at HartRAO.

4.0704e-5 Max
3.7796e-5
3.488%e-5
— 3.1982e-5
— 2.9074e-5
— 2.6167e-5
2.3259e-5
2.0352e-5
— L.7445e-5
1.4537e-5
— L163e-5

8.7223e-6
5.8148e-6
2.9074e-6
0 Min

Figure 37: A crosssection of the telescope component materials showing the thermally
induced structural deformations in x, y and z direction
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The dfects of the derived thermal variatiorSigure 35) are largely evident along the
edges of the tube surface through material expanBigare37); and thus, have been med
elsewhere to be a significant source for a misalignment of the optical axis to the telescope tube
axis (se&shinnagaet al.(2004 andMittag et al.(2008). In this context, the optical axis entails
the correct position of the spider assentdadyrying 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 alb@nting 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 theevelopment of a thermal dynamic mbaehich can

compensate for structural misalignments due to thermal variations.

4.2. Thermal analyses of the LLR telescope composite structure

Fora ™y profile that varied from 9.2Cto 23°C at the site for a half day (00:0012:00),
the resulting minimum and maximum thermal variations measured at 12:00 midday across the
telescope composite structure were in the range oP@.t10.03PCrespetively (Figure38).
For a full day “¥ profile spanning 00:00 23:59 the resulting range of thermal variations
measured at 23:59 nighttime across the telescope composite structure wWast8.986°C
(Figure39). The discrepancy between the thermal variations depicted in multicolor isotherms
onFigure38andFigure39indicate thathe telescope experience ménermal variations (and
related structural deformatiodgpicted inFigure37) during day time compared to nighttime.
Further, it is evident that the thermal response time varies pgsawent material primarily

due to their respective thermal properties.
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Figure38: Full (A) and crosssection (B) of the telescope composite structure indicating the
resulting thermal variations measured at 12:00 midalaythe telescope components, in
response to th& profile from the HartRAO site for the tinperiod 00:00 12:00. The thermal

variations (°C) are represented by different coloured regions, each colour being an isotherm
region; hewse morecolours correspond to more variations. Note the spider assembly in
exploded view for legibility.
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Figure39: Full (C) and crossection (D) of the telescope composite structure indicating the
resulting thermal variationseasured at 23:58ighttime on the telescope components, in
response to th§, profile from the HartRAO site for the time period 001023:59. The thermal

variations (°C) are represented by different coloured regions, each belogran isotherm
region; hence fewecolours correspond to fewer variations. Note the spider assembly i
exploded view for legibility.

82



In particular, the spider assembly and outer tube surface had the largest range of thermal
variations i.e. greater thabsolute 2Cwith corresponding high standard deviatiohal{le6)
and thus, could be the main areas on the telescope where most thermal variations are likely to
occur. The primary mirror surface including it®amt or support structure responds slowly to
“¥ with thermal variations of about O°6 (Table6). In particular, these thermal variations had
low variability (i.e. standard deviation) of 0.2& 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 (®2Rcoupled with the lowest variabiligf 0.091
°C.

Table 6: Descriptive statistics computed from the values of the telescope thermal state
measured between 00:0@3:59. The sample size comprised of 145 recordings (°C) of the
thermal state of the telescope composite structlentat a sampling interval of 10 moites

within the time period of 00:0023:59. 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 (maxmin) of Average thermal | Standard deviation
Variables thermal variations °C | variation °C of thermal
variations °C

Ambient Air 23.26.4 =16.8 13.92 6.051
Telescope components

Spider Assembly | 10.299.042 = 1.248 9.680 0.445

Outer Tube 10.149.076 = 1.064 9.587 0.374

Surface

Inner Tube 10.069.073 = 0.987 9.537 0.356

Surface

Secondary Mirror | 9.8749.037 = 0.837 9.497 0.346

Reflective Surface

Primary Mirror 9.7199.072 = 0.647 9.416 0.261

Reflective Surface

Primary Mirror 9.6379.062=0.585 9.377 0.241

Support/Mount

Ring Support 9.4409.091 = 0.349 9.261 0.147

Fork Assembly 9.3209.099 = 0.221 9.194 0.091
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The extent of thermal variations experienced byrid&vidualtelescope components including
their thermabehavioumgiven the fultlday™y profile of theHartRAO site is graphically shown
in Figure4O.
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Figure 40. (a) Temperature changes measured at 10 minute intervals on the telescope
component materials in relatidxm%|9 typical of the HartRAO site during the time period 00:00

and 23:59 for a particular futlay in June. These temperature changes represeihetineat
variations depicted in Figures 6 and 7 for the considered component materials; (b) Thermal
variaions in (a) shown in exploded view.
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The sharp increase it of the morning hours triggered the temperature change of all
telescope components, which attempts to thermally respond {4 theofile (Figure 40).
Further, the continual rise 6¥ particularly toward midday and early afternoon appears to
trigger more thermal variations of the telescope components, with peak variations observed
arourd 15:00 in the afternooifrigure40). During this time, we can expect the thermal state of
the telescope compasistructure not to be equaloupled with high thermal variations (of
some components) exceeding °C. While temperature of the telescope components
colledively attempts to follow the decrease’l, it will be interesting to observe the time it
takes for the t el echintam@edusibriimnaturaiyeparticlarigpost t o r
midnight Figure40).

In overall, the thermal variations defgd in Figures5, 36 and37 have been shown in
other studiesfor exampleAtwood and O'Brien(2003; Zhenget al. (2012; Tselaet al.
(20163; Wanget al.(2018) to have the potential imduce structural displacements that could
impact on the mirror reflectiveurface, link length between mirrors and consequent defocus of
the lens. As a result, if su¢hermallyinduced 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 thiak it cou
be warmer than the primary mirror at end of &gble6; Figure40). This outcome is partly
due to the encapsulation of the secondary mirrithimv the spider assemblgnd 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 simulationg={gure39) . On the other hand, the pr.i
(Table6) indicate that, towasithe end of day i.e. 23:59 whelY has dropped, the primary
mirror would be warmer than any of its contacting surfaéegue 39; Figure 40). The
apparent thermal variations of the mirrors are coasistvith the tlermal properties of the

Zerodur mirror, especially their lowand CTE valuesledamziket al.,2010.
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4.3.Mock-up tube experiments

4.3.1. Mockup tube RTD measurement

Results of temperature measurements acquired using the 64 RTD sensors mounted onto
the outer surfacef the mockup tubereveal tube overall thermal variations of about 2 °C
(Figure41l). For illustration purposes, the sample of measurements were taken in the morning
hours of ' May 2016 (winter season) i.e., for the time perio@%25- 05:55 am. and 06:45
-07:15 am. in a fairly stable envonment The results of the tube experiment shotedthere
was no significant change on thiethermal variationsKigure41). Furtherduring the night
or early morning hours prior to sunrise, the tube surface temperature generally tends to be

constant, wittvirtually no bulk temperature fluctuahs along the tube surface detected by the
RTD sensorsKigure41(a)).

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

Tube temperature T °C

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

Figure4l: Recorded temperature (°C) versus timenhpurs) of 64 RTD sensars

A subsequent gradual rise of thermal variations can be obsetiel represerd the
tubeds ther mal r e s p¥afigsre4l (b)h Additoeallyf thisgadual ase i o n s
is due to the t ubeeé8estiorh3oid)iiviiah mairdylexppsesshe tippey n (
arc of the tube surface to incoming solar radiation. Ngtathle acquired tubesensor
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 thEigamee (

86



41). For example, this assertion can be corroborated by the simulation results which showed
varying temperatures between the middle and femrat of the tubesgeFigure38 andFigure

39). In addition, the observed thernmhaviourof the tube from tis experiment Figure41)

show similar trends with the thermal simulation profile of the outer tube surface at
correspondig times (Figure 40 (b)). During the night or time period considered, the tube
temperature resembles an isotherm coupled with minor variations ofitibetémperature
sensor readingsin overall, the tubesensor readingshowedtube thermal variatios of
approximately 2 °C coupled with an error of £0.5 °C associated with each RTD Jédmesar.
findings indicate that the RTD sensors used, have the potential to acquire aecupat@ture
measurements, and ctrerefore baisedon the actuacomponent®f the LLR telescopas

well as testing the proposed thermal model.

4.3.2. Mockup tube temperature interpolation

Figure 42 show results of the meawd “Y, tube average temperaturesd the
interpolated tube average temperature, spanning different time intervals in the evening of the
240 25" and 26" September 201@ighttime was considered suitable for this for experiment
to test the interpolatioprocedure due to minimal temperature fluctuationgarticular, the
measured tube average temperawappeared to follow the intermittent fluctuations and
general declia of"Y at the site during the time period considered. In addition, this oltsgrva
is partly corroborated by the virtually corresponding temperature variations (mirimum
maximum) of for example, 17.5122.94 °C and 13.2017.32 °C of'Y, and 17.29 23.11 °C
and 13.35 17.45 °C of measured tube average tempemgtiespectivly (Figure42a and c).

The thermal properties of thmockuptube material used are such that, changes in
measured tube average temperaumeresponse t0Y are discernible after every 5 minutes
(minimum) wthin the complete time interval considerdéigure 42). Suchrapid thermal
response time suggsshat the (real) LLR tube structure can easily reach thermal equilibrium
especially wheriY is stable i.e. durig nighttime The minimum and maximum temperature
differences betweelY and average tube temperatifeither measured or interpolated) were
found to be at about 0.5 °Eigure42a) andl °C (Figure42b) corresponding to transient time
periods of 19:15 19:20 and00:30- 00:35 respectively. These experimental findings imply
that the ther mal r e g Udelaet ab.,20y 63 foretlpnmal vaeiaensof o f

the LLR tube assembly can be achieved.
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On the other handfigure 42 also containsresults of the interpolated tube average
temperature profile for the 24 unmeasured locations on the tube. Clearly, the variation of this
profile follows “¥ and also resemlidehe profile of the masured tube average temperature.

The observed overlap between the profiles of measured and interpolated temperatures
(particularly onFigure42aand42c) showsthat the thermal distribution across thke surface

is isothermic during nighttime in contrast to daytime or early sunrise. Furthermore, the
observed ovéap could be an indication théite sensor placement including spacing and
density on the tube is representative and provides a realistic picture aib¢htbermal state.
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Figure 422 Temperature profiles of ambient air, measured and predictedatdrage
temperature in the evening of thé"24), 23" (b) and 28 (c) September 2016

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

temperatures whicindicates thatthe applied interpolation algorithm in this study can be

expected to predict temperature of the LLR tube structure at accuracies (RMB&yange
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of 0.26- 0.34 °C (a), 0.290.37 °C (b) and 0.240.32 °C (c) respectively, during nighttime.
In particular, the targetethterpolation accuracy of at least 0.3 Was achievedVirtually
similar observation werereportedin Greveet al.,(2005) and Greve and Kaerchg(2009)
whereby the RMSE in the rangé approximately0.2 - 0.3 °C was found for the FE model
structure of the IRAM 30n radio telescope.
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Figure 43 Root mean squared (RMS) error variation of the interpolated-aubmge
temperaturgin the evening of the #4(a), 25" (b) and 28 (c) September 2016.
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In thisexperimentthree exponential valuespfvhich represent the order of polynomial
(Equation(26)) were tested worder to find a suitablg value that gives better interpolation
results.Table7 depicsk the test results of the expamtr) used in the interpolation algorithm,
and as a resuthe exponential} value of 2 was found to produce the smallest interpolation
error (i.e. RMS) relative tthen values of 1 and 3 when tested three nighitime data sets.
FurthermoreTable7 show that, in overall, the smallest and largest RMS we can expect for the

interpolation algorithm is 0.224C and 0.37°C respectivelywhen ar value of 2 is applied.

Table7: Summary otest results of the exponaadused 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 0 p O |[n=11{n=2|n=3 n=1/n=2(n=3 n=1/n=2[n=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 0,35 [ 0,32 | 0,32
Median RMS °C | 0,33 | 0,30 | 0,32 0,35 [ 0,32 | 0,33 0,32 {0,29 | 0,30

These findings suggest that the applied interpolation algoiiquatios (24) - (26)) is
likely to predict temperatures of the telescope composite structure accupatelgularly
during nighttime. Furthermore, thénterpolated temperatures combined with RTD measured
tempeatures provide a realistic temperature distribution of the magk tube thermal state
within the considered times. Further research would be to align interpolated temperatures with
the FE model nodes of the LLR telescdpbe (and other components) asto ensure that
temperatures at all nodes without RTD sensors can be estimated. These findings constitute an
important parmeterin furthertesting and completg the executionof the proposed thermal

model presented in section 3.4.3.

4.4. LLR tube experiments
4.4.1. LLR tube RTD measurements

Figure44 show the daily temperatuvariationsof the LLR tube and¥ at the HartRAO
site, sampled every 5 minutdsr 2 successive days i.80 Nov 20187 01 Dec 2018In
particular, the LLR tube measurements were averaged from a distribution of 64 RTD sensors
and sampled every 5 minutdsis evident fromFigure44 that, the tube temperature follows

variations of ¥ successiely during dayand nighttimeThe rapid thermal response of the tube
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is largely due to its thermal material properties, discussed e@rtielaet al.,(2016a). For
example, during daytime the tube averagepmature camise above 30° C which &t least

4° C higher thaiy especiallybetweerl0h00 and. 7h00 when tl tube is exposed to incoming
radiation. This temperature may have increased further, if it was not for the double layer
structural design dhe tubgTselaet al.,2016g, which insulates the inner surfawefirstlayer

of the tubewhere the RTD sensors are mountiddnetheless, a tube average temperature of
about 30° C (isoften coupled with tube material expansion), which may be sufficient to
misalign the tube optical axithushave been shown elsewhehdittag et al.,2008 to cause

azimuth and elevatiooffsetsof abouto f 4 0a& and ,(1dOriag poigisgpect i vel y
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Figure44: lllustration of the measured average temperature of the LLR tube (Tube_Ave °C)

and the ambient air temperature (Ambient T °C) for HartRAO sangdedy 5 minutes, for
thetimes and days shown.

On the other hand, during nighttinparticularly fromaround 19h0Q@o the late night
hours,the tube temperature ari§ generally overlaps. This could be due to the ambient
temperature stability anicro “¥ variations at thee times, whickenablethe tube structure to
assume isothermic thermakhaviour(also seeFigure 39 in section 4.2).The resulting
nighttimediscrepancy between tube temperature”¥adl the considered timear be expected
to be as low as ~1° @igure44). In overall,these findings constitute an important input for

the analysis ofubedisplacements due tts temperature fluctuations.
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4.4.2. Thermallyinduced tubedisplacements

4.4.2.1. Analysis of relative displacements of the LLR tube

The Total Statiod sepeatabilityused for the measurements of relative tube displacements is

at the 1 mm level, but due to its high sampling rate will providensorbranges stattically

(Figure 45). In particular, repeated laser distance measurements to the optical centre of the
prisms mounted on the LLR telescope tulbégqre 45), yielded 3dimensioml distance
variations between the true centre and the apparent centre of the prisms, due to the assumed

tube thermal variations.

Instrument \ arth's Surface /
’ { T e = -£_J Backsight
T 1! \)\ICC‘\““ of D”’L‘L’!iﬁ,, of | D X
'.;Un““? (1!.'!\,'[),""

Figure45: lllustration of the LLRtube displacememhonitoring experiment based on the site
basedLeica Nova MS50 MultStation and 4 Leica GPH1P Prism Precision Reflectors
mounted on the telescope tube front and base. The horizontal disigneerl¢tal Station
measurement accuratetween the mukstation and the respective prisms mourteadthe
telescope is shown in the figure.theoretical representation of the Earth curved surface and
the parallel horizontal distance are also shoWwrge and Mdaller, 2012

The neasured displacemenlty the referenceprism mounted on the telescope base
structurgFigure45), werededucted from the measured displacements by the 3 prisms mounted
on the LLR frontend of the tubelhe deductiomprocess basically removed the contribution of

the base structure displacements, from the tube measured displacemémethdight (z),
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easting (x) and northing (y) respectively.
front-end are presenteith Figure46 to Figure48 overtwo conseutive days i.e30 Nov 2018
T 01 Dec 2018.

Figure 46: Displacements of the tube freahd, sample every 5 minutes in the verticét)
direction relative to the telescope base structure by ué@rgms (sed-igure45). LLR 1, 2
and 3 denote the respective positions of the 3 prisms mounted on the tsadont

Notablechanges are evident &igure46in the height relative displacements o tibe,
measured simultaneously at prisms 1, 2 ande$ the tweday periodwhen the experiments
were conductedThe temporal oscillations of tubelative displacements in the vertical
direction appears evident across -diaye to nighttime (Figure 46). As a result, hese
oscillationsmay be atibuted to the possibleibestructural changes due to tube temperature
variations(discussedhater in section 4.4.2.2kor example, the variationstandard deviatian
are shown inFigure 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 vatian of relative displacement at prism 2 and thus, gravity
induced deformation on the tube lower arc may have had an effect, as shidlwsiret al.

(2016. Overall, this finding corroborates simulation results of the tube thermal deformations
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