




Abstract

Since the dawn of recorded history, human beings have always felt the need to
transcend their limits and explore the unknown, �rst by venturing across seas and
mountains, and later by turning their gaze to the sky and the outer space. Inevitably,
the �rst object encountered is the Moon, our celestial neighbor, which still today
represents a cornerstone of space exploration. Through the study of lunar regolith,
we can understand the history and evolution of the Moon surface, and identify key
factors or essential substances for the advancement of scienti�c research. In recent
years, in situ missions have gained signi�cant momentum, assigning the task of
analyzing the characteristics of lunar soil to a rover, which then will transmit the
collected data back to Earth. The main techniques used to study the regolith involve
spectroscopic analyses, in the visible and infrared ranges, making it possible to assess
the characteristics and composition of the soil based on the re
ected light response.
So this methods allows to detect the characteristic spectral signature of the main
lunar minerals by analyzing variations in re
ectance at di�erent wavelengths. This
work aims to provide an overview of the lunar thermal environment and then outline
the preliminary design for the optical instrumentation of "MiniSPEC", the �rst fully
Italian miniaturized spectrograph project dedicated to analyzing the composition of
the lunar surface. After the design of the preliminary thermo-structural model, the
software chosen for simulations isEsatan-TMS, which allows to outline all the main
thermal drivers of the mission. Finally, the results of the analyses carried out in this
preliminary phase, will be presented and commented.
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1 Introduction

Lunar exploration represents one of the most signi�cant and enduring challenge in
the history of space science. From the early telescopic observations, to the �rst
human landing during the Apollo missions, the Moon has continuously served as
both a scienti�c target and a strategic outpost for advancing our understanding of
the Solar System. Its proximity to Earth makes it an ideal laboratory for testing
new technologies, studying planetary processes, and preparing for future missions
to more distant destinations, such as Mars. Over the decades, robotic missions,
orbiters, landers, and rovers have progressively revealed the geological complexity
of the lunar surface and the potential presence of resources such as water ice or
other important minerals. Therefore, nowadays the Moon is no longer viewed only
as a relic of past missions, but rather as a benchmark for future scienti�c research
and technological innovation. It's in this perspective that the \MiniSPEC" (Moon
in situ spectrometer) project was born, an all-Italian idea supported by the Italian
space agency (ASI) and in collaboration with some of the country's most renowned
research institutions, such as: the Institute of Photonics and Nanotechnologies of
the National Research Council (CNR-IFN) in Padua, the Institute of Astrophysics
and Space Planetology of the National Institute for Astrophysics (INAF-IAPS),
the University of of Padua (UNIPD), and the international engineering company
O�cina Stellare (OS). The main objective of MiniSPEC is to perform spectroscopic
detections in the visible and near-infrared range for the denti�cation of hydrated
minerals and volatile particles in lunar surface rocks. Before going into the speci�cs
of the MiniSPEC mission and developing its key aspects for this thesis, the next
few pages will aim to provide an overview of the lunar context and the history of its
exploration, focusing mainly on the missions of greatest interest from a spectroscopic
point of view.

Figure 1: Chinese rover Yutu exploring the moon's surface.
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2 Spectroscopy principles

Spectroscopy is the science that studies the interaction between electromagnetic ra-
diation and matter, analyzing how light is absorbed, emitted, or scattered by atoms
and molecules. In practice, every substance has a sort of spectral \signature," a
characteristic set of wavelengths that it absorbs or emits. By observing this sig-
nature, we can deduce the physical and chemical properties of the substance itself.
The instrument employed for this purpose is known as a spectrometer. By dividing
the captured light into its di�erent wavelength components, the spectrometer allows
a detailed analysis of the emitted light's characteristics, in this case that re
ected
by the lunar rocks. Combining this principle with the fundamentals of photogra-
phy, it's obtained the so called \imaging spectroscopy", which permits to acquire a
complete image by combining the spectral energy level of each pixel. This approach
enables the accurate identi�cation and characterization of materials and processes
observed and is widely used in the space sector for in situ missions.

2.1 Hyperspectral imaging

The strength of this technique is the ability to acquire a very large number of
spectra in a very short time, combining spectral and spatial information. Compared
to multispectral imaging, which uses only few spectral bands, the hyperspectral one
provides more information, allowing for more accurate analysis and identi�cation
of materials and substances. The result is an image where each pixel represents
a spectra, like a �ngerprint, and can be outlined in a 3D data cube where two
dimensions represent the spatial information (x and y coordinates) of the image,
and the third dimension (z) represents the wavelength.

Figure 2: 3D data cube in hyperspectral imaging.
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Figure 6: FOV and IFOV meaning.

ˆ Signal to Noise Ratio (SNR): measure of the quality of the detected sig-
nal, related to thermal noise, background noise or random 
uctuations in the
instrument. Higher is its value, better is the quality of the detection.

SNR =
Psignal

Pnoise
(3)

Often this parameter is expressed in a logarithmic scale.

SNR dB = 10 log10

� Psignal

Pnoise

�

(4)

ˆ Spectral range: wavelength range covered by the instrument. The prelim-
inary design of MiniSPEC spectrometer will include a Linear Variable Filter
(LVF), namely a band-pass �lter along one direction, where each position cor-
respond to a wavelength� , without dispersive elements or mobile parts. Its
implementation would allow the spectrum to appear directly on the detector,
simplifying by far the system's mass, complexity and cost.
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3 History of lunar missions

The race for lunar exploration has its roots in the middle of the Cold War, between
the late 1950s and the 1960s, and initially saw USA and Soviet Union as protagonists.
It was precisely the latter who took the �rst concrete steps: on September 13, 1959,
the Luna-2 probe became the �rst man-made object to reach the lunar surface.
This event marked the �rst direct con�rmation of the possibility of going beyond
Earth's orbit and landing on another celestial body. Anyway, the �rst truly great
step was reached a few months later with the Luna-3 mission, which allowed to
photograph for the �rst time the hidden side of the Moon, invisible from Earth due
to the satellite's synchronous rotation. The images, though rudimentary, revealed
a very di�erent landscape from the familiar visible face: more mountainous, with
fewer basaltic seas.

Figure 7: First image of the hidden side of the Moon by Luna 3.

However, the Soviet programs were soon overtaken by American ambitions, with
the famous Apollo program. Conceived by NASA, between 1968 and 1972, they took
twelve astronauts to walk on the lunar surface and collected data and samples that
are still a fundamental resource for understanding the origin and evolution of the
Moon until today. The most famous mission undoubtedly remains Apollo 11, which
took the two astronauts Neil Armstrong and Edwin \Buzz" Aldrin in July 1969 to
walk on the lunar surface for the �rst time in history. This mission demonstrated
the feasibility of a lunar landing and a safe return to Earth. From a scienti�c point
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The rotation (and orbital) period of the Moon can be described both in relation
to a �xed point in space (sidereal period) and in relation to the Sun (synodic period).
The sidereal period is approximately 27.3 days, while the synodic period is approxi-
mately 29.5 days, and represents the interval between two successive sunrises on the
same lunar point. For a system located on the surface of the Moon, the variation in
the solar angle repeats itself cyclically according to the synodic period. This change
of the Sun position is therefore relevant for accurate thermal evaluations. Then, the
reduced obliquity of the Moon relative to the ecliptic plane, causes a modest sea-
sonal variation, which is more signi�cant in the polar regions. There, coexist areas
with almost constant illumination during the lunar day and craters permanently in
shadow which may contain frozen water due to lower temperatures. The maximum
elevation angle of the Sun at the poles is directly related to the Moon's obliquity and
in
uences surface's di�erent temperatures. It can be evaluated with the following
equation.

sinh = sin ' sin� + cos' cos� cosH (5)

Where:

h : Sun elevation angle.

' : latitude.

� : subsolar latitude

H : Hour angle of the Sun relative to the local meridian.

For the MiniSPEC case, considering a latitude' = � 85� , the maximum elevation
angle of the Sun occurs at the local midday (H = 180� ) and varies as follow:

hmax = 90� � j ' � � j

Since the parameter� 
uctuates between� 1:54� and +1:54� , it implies that the
maximum Sun elevation angle is 6:54� . A small elevation angle of the Sun entails
poor radiation on horizontal surface and more local variability: long shadows and
self-shading create heavy temperature gaps with respect to the illuminated areas.

18









Illuminated areas Tmax = � 70� = � 80�

Craters in shadow T = � 230�

Surface composition Regolith

Table 2: South Pole guidelines.

For an accurate analysis, it's s important to immediately focus on the main
thermo-optical characteristics of lunar regolith, which variation depends on the
depth of the considered layer. Much of these property data are derived from Apollo
return samples and are reported in the next section.

4.3 The lunar regolith

The lunar regolith is the super�cial layer of our satellite's soil, and it's mainly
composed of rock fragments and �ne dust derived from old meteorite impacts. Its
thickness varies from few meters to 10-15 m depending on the site position. Lunar
regolith is therefore characterized by high porosity, low thermal conductivity and
high infrared emissivity. Let's now examine in detail the most relevant regolith
features from a thermal point of view.

ˆ Thermal conductivity: The thermal conductivity can be modeled assuming
heat 
ows through the regolith by conduction and radiation heat transfer in
parallel. This model follows the Watson's equation:k(T) = kc + kr T3. The
conductivity and radiative constants depend on density and material compo-
sition. Anyway, the average value of regolith thermal conductivity can be
assumed in the order of 10� 4/10 � 3 W/mK.

ˆ Speci�c heat: The speci�c heat is by de�nition the amount of heat necessary
to change the temperature of 1 kg mass by 1 K. For lunar regolith, it increases
linearly with the temperature following the law:

cp(T) = 34 + 2 :45T

"
J

kg K

#

(8)
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EOL scenario isn't sustainable from a thermal point of view, become important to
understand the maximum acceptable dust covering percentage. Knowing the rate
of dust accumulation, leads us to estimate a preliminary mission lifetime without
contamination problems. In case this duration does not respect the minimum re-
quirement for the mission, some active mitigation tools must be considered in a
second instance.

The main information about dust accumulation were brought us by the Apollo
and Chang'e missions. The small optical dust detectors on Apollo 12, 14 and 15, each
placed 1 m above the surface, indicated a combined long-term dust accumulation
rate of the order of 100� g=cm2 for year. The Chang'e-3 lander reported instead
a dust accumulation rate of about 20� g=cm2 for year at a height of 1.9 m. Using
these two observations at di�erent heights, a law to estimate the dust accumulation
is obtained in this way. [8]

_m = _m0e� h=h0 (11)

where h0 = 0:6 m and _m0 = 500 � g=cm2 for year. The lunar soil samples
returned by the Apollo missions, have a size range of 1µm to 1 cm and an ap-
proximately log-normal size distribution with a maximum in the range of 60{120
µm. The size and initial speed distributions of lofted particles were measured in
laboratory experiments simulating the lunar surface conditions, reporting a rate of
1 � 10 particles/cm2s. Using literature data for the lunar environment[8], has been
created a Matlab code to better evaluate this phenomenon. The above formula
for _m has been integrate with the expression of the cover percentage and of the
accumulation rate, respectively reported below.

C(t) = 1 � e� Rt (12)

R(h) = _m(h)
Z amax

amin

3
4� a

f m (a) da: (13)

wherea represents the diameter dimension of dust particles. Two di�erent sce-
narios have been detected, the �rst with the base assumption ofR = 0:3=year
extrapolated from the previous data, and a second worst-case scenario whereR has
been calculated only for the smallest particle's dimension (R = 0:54=year). The
results are therefore reported in the graphic below.
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5 MiniSPEC requirements

5.1 Scienti�c requirements

To study and analyze the morphology of the lunar soil, MiniSPEC will be designed
to make measurements for wavelengths in the infrared band IR (0.8 to 4.0µm). Ex-
tending the spectral sensitivity range to the the visible and near-infrared spectrum
VIS-NIR (0.4 to 0.8 µm) would be complementary to the infrared, and requires a
second channel. It would be important for the identi�cation of plagioclase and py-
roxene, and could be key to the detection of new \rare earths". [14] However, the
scienti�c priority of the mission is the mapping of hydrated minerals and volatile
components. The need to cover such a wide spectral range in the detections inte-
grating the visible and near-infrared wavelengths, will be a priority to analyze in this
thesis. The spectrometer box is intended to be placed on top of a rover equipped
with a rotating turret, similar as previously seen for older colleagues such asCu-
riosity and Perseverance. In order to satisfy the above requirements, the angular
resolution (IFOV) and the corresponding pixel size in the optical sensor must be
optimally combined in the instrument design. The sensor chosen for the mission is
the Teledyne Hawaii-H1RG detector with pixels of 18µm and sensitivity up to 4.8
µm. To avoid choices that are too burdensome in terms of mass and bulk, it was
decided to maintain a �xed focal ratio of f/3.60, a value already proven to be valid
in other spectrometers previously produced in Italy as JUICE and MAJIS. Having
set the IFOV's value, it follows that the diameter of the telescope's entrance pupil
can vary between 4 and 10 mm, depending on the detector chosen and the binning
applied (in this case x2). The main speci�cations of the Tedledyne Hawaii-H1RG
optical sensor are listed below.

Speci�cations Teledyne Hawaii H1RG

Diameter (mm) 5 10

IFOV (mrad) 1 1

Pixel pitch (µm) 18 36

Focal length (mm) 18 36

Focal ratio (/) 3.60 3.60

Table 3: Speci�cations of the MiniSPEC system with Teledyne Hawaii H1RG. [13]

The next step is to verify the expected S/N ratio for an instrument that could ide-
ally represent MiniSPEC in terms of general speci�cations and preliminary design.
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undesirable decrease in the SNR value, which implies bad acquisitions. Let's now
look at the technical constrains to ensure, �rst and foremost, that the optical box
containing the spectrometer does not undergo thermal variations that could neg-
atively a�ect the optical path and, secondly, that the rest of the instrumentation
functions correctly for the payload as a whole.

5.2 Technical requirements

In order to satisfy the already mentioned scienti�c requirements, some other con-
strains from a technical point of view shall be considered. Leaving aside the necessity
to minimize masses and dimensions, as always for aerospace applications, the main
technical requirements concern mostly thermal aspects, among which:

ˆ the necessity of an active and strict control of the detector temperature: a
low SNR value entails bad measurements of the instrument. For this reason,
a cryocooler linked with the detector is essential.

ˆ the necessity to maintain low and linear the temperature of the MiniSPEC's
optical box, in order to avoid dilatations and misalignments of the optical
path, which requires the maximum precision. A radiator linked by a thermal
strap and placed horizontally above the system is considered.

ˆ optics and detector shall be as isolated as possible from the rest of the instru-
mentation which interact with the sunlight during the lunar days: isolating
bipods and supports for these components are required.

ˆ too high temperatures at the detector, not only increase the thermal noise low-
ering the SNR value, but also reduce the number of operative pixels, especially
for long integration time.

ˆ the necessity to dissipate the heat from active components as the electronics
and the cryocooler: as �rst iteration, it is considered to use the lateral walls of
the instrumentation box as radiative walls (if sustainable) in order to minimize
the mass of the whole system.

Moreover, from an operative point of view, the system of MiniSPEC has to
manage the multiple and di�erent sources of light. The utility of a calibrating
mirror at the entrance and of a shutter mechanism at the exit, will be discussed in
the next paragraph.
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The result leads to an area of 0.032m2 for walls with high emission, a value
slightly higher than that of the designed lateral walls (15 cm x 18 cm), but still
acceptable due to the possibility of extending the radiative surface also to the front
wall. Now that all preliminary considerations have been made, the complete 3D
model is reported below, showing also its optimal components' disposition.

Figure 35: Solidworks model of instrumentation box (inside view).

1. MiniSPEC optical box

2. Detector

3. Cryocooler

4. Electronics with supports

5. Shutter mechanism

6. 45° mirror with step motor

7. Detector's support

8. Thermal strap optics ! radia-
tor

9. Thermal strap detector ! cold
�nger
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6 Esatan-TMS introduction

The software chosen for simulating the thermal scenario of MiniSPEC is therefore
Esatan - TMS (Thermal Modeling Suite). First, it is necessary to de�ne the basic
geometry of the system, entering the components sensitive to temperature variations
with their relative thermo-optical properties. Once the basic geometry has been de-
�ned, radiative analysis allows us to understand how heat is exchanged by radiation
in the model, calculating surface view factors, radiative conductances between in-
ternal components, and interactions with the surrounding environment. The �nal
thermal analysis will then calculate the temperature of each thermal node "i " by
solving the equilibrium equation:

Ci
dTi

dt
=

X

j

K ij (Tj � Ti ) +
X

r
" i �A i

�
Fir T4

r � Fii T4
i

�
+ Qi (t): (16)

where only the conductive (j ) and radiative (r ) interactions are taken into ac-
count, since the absence of atmosphere excludes the convective ones. Finally, the
post-processing section allows to visualize the results of the simulations in terms of
temperatures and heat 
ows to establish the validation of the proposed model.

6.1 Geometry model

The complete instrumentation system was already presented in the previous para-
graph, but for the Esatan's simulations we consider only those components which
are relevant from a thermal point of view, in order to reduce the computational load.
So, the geometry model involves:

ˆ Optical box

ˆ Detector

ˆ Cryocooler

ˆ Electronics

ˆ Radiator

ˆ Instrumentation box

ˆ Rover

In addition, the section User De�ned Conductor allows to con�gure the con-
ductive paths between components. An image of the Esatan's instrumentation box
model and the added conductive links with their relative descriptions are reported
below.

41



















ˆ Acquisition's interval: it was considered reasonable to evaluate an interval
of �ve minutes to acquire an image. During this time, the power consump-
tion of the involved components will be switched on with consequently heat
generation.

ˆ New simulation's time step: clearly the time step has to be adapted de-
pending on the situation: in this case, a solution control every ten seconds was
considered most suitable.

ˆ Heat sources: since an active operation requires energy dissipation, all the
involved heat sources must be set. Trace the power's pro�le for each compo-
nent, allow to see how the system reacts in the most realist situation possible.

These provided analyses should outline the validity of the preliminary design of
MiniSPEC from a thermal point of view, both passively and during the operational
phases. So, to summarize, a short table is provided.

SCENARIO DURATION HEAT SOURCES

BOL 1 year no

EOL 1 year no

Acquisition's phases 1 hour yes

Table 8: Thermal analyses' scenarios.
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8 Conclusions

Throughout this thesis, the thermal design of lunar spectrometer MiniSPEC has
been traced, with the objective both of understanding its passive thermal behavior
and establishing a framework for future operational con�gurations. The analysis
started from a simpli�ed model in Esatan-TMS with no internal heat dissipation,
allowing the identi�cation of key environmental drivers such as solar 
ux, lunar
albedo, and infrared exchange. The obtained results are in line with the prediction:
the choice of surfaces with high emissivity" and low absorptivity � allows to deal
with the lunar day without over heating in the crucial components. Certainly, also
the choice of the mission's site, near the South Pole, has a huge impact since it's
less demanding from a thermal point of view. Di�erent story instead, for the End
of Life (EOL) case. Here, as can be seen from the results, the dust contamination
of the surfaces increases signi�cantly the average absorptivity of the system, with
� ! 0:4=0:5 and temperatures that exceed the reference for MiniSPEC operations,
requiring mitigation measures. On the other hand, lunar nights are characterized
by very low temperatures (till 60 K for the surface) which bring the entire system
in a sort of "hibernation state". Their duration of about 14 terrestrial days, submits
scienti�c instruments to an intense radiative cooling towards deep space. Going
out of the operative range (both up and down the temperature's limits), could be
dangerous for the survival of payloads and systems. As regards the active scenarios,
the results con�rm the validity of the model set up thanks to the stability of the
temperatures achieved. The high emissivity of external surfaces and the designed
conductive links, allow the system to dissipate heat e�ciently, and maintain the
detector temperature permanently below 180 K, thanks to the active cooling power
of the cryocooler.

Overall, the results obtained can be considered fully satisfactory for the thermal
evaluation in the VIS-NIR band of the MiniSPEC spectrometer. The preliminary
model developed has been shown to respond consistently to the main thermal phe-
nomena expected during the mission, reporting temperatures coherent with previous
analyses performed inMatlab. [15] In particular, the acquisition phase shows stable
and predictable behaviors, with temperature pro�les consistent with the operating
conditions and promising for future in-depth studies.
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8.1 Future implications for the project MiniSPEC

Traditionally, every aerospace project starts with a preliminary analysis which aims
to con�rm its feasibility, and tracing the main design drivers for future developments.
This work outlines all the main thermal challenges that the system of MiniSPEC
will face during its operational life, focusing on the lunar South Pole's environment.
The next steps inevitably follow from more speci�c mission requirements, such as
the details of the optical path and the �nal choice of the frequency band to be
used for analysis. Between the possible topics about the MiniSPEC's project are
mentioned:

ˆ the choice of the spectral range to be used for the analyses entails the decision
of maintaining two detection channels (VIS-NIR and IR) or adopting a lighter
instrument with only one of them.

ˆ the development of a more detailed 3D model with software likeSolidoworksor
Siemens NXto explore further thermo-structural problems. Mapping the most
severe thermal �elds allows to verify stresses/warpages and de�ne thermal
gradient limits for optics and alignments.

ˆ the development of FEM analyses on a more complete model with software like
Nastran or Ansys to evaluate the system's response to static and quasi-static
loads, vibrations, shocks and buckling phenomena.

ˆ the choice of eventual tools to remove the regolith dust and their implications
about the system's dynamics. Mitigate the phenomenon of the dust covering
can signi�cantly improve the operational lifetime of MiniSPEC.

ˆ the in-depth analysis of the "hibernation state" that MiniSPEC will face during
long lunar nights, in order to guarantee the survival of each subsystem.

ˆ the creation of a �rst physical model, the "Quali�cation Model" (QM), for
preliminary tests in vacuum.

This working path should represent the basis for the future realization of MiniS-
PEC, whose module will be carry by an orbiter toward the deep space till the Moon's
surface. Here, the obtained instrument will operate hopefully for a very long time,
looking for hydrated minerals and rare earths. The still largely unexplored lunar
South Pole represents a perfect workbench for new Moon's explorations and for the
progress of scienti�c research. Every step in this process, from the smallest to the
greatest, not only increase our knowledge luggage, but also help to put down the
roots for new manned missions, with Mars as next and fascinating objective.
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