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The CLPS-LIMS instrument’s Engineering Qualification Model (EQM) Mass Analyser
and Sample Handling Carousel during thermal vacuum testing in the beginning of 2025.

Abstract

In recent years, there has been a growing interest in the in-situ exploration of the Moon,
particularly in the lunar south pole region, which is into planetary formation and in-situ
resource utilisation. As part of these efforts, the University of Bern has been invited by
NASA to develop and provide a scientific instrument for the sensitive chemical analysis
of lunar regolith.

This thesis describes the development of the CLPS-LIMS instrument, a Laser Ionisation
Time-of-Flight Mass Spectrometer designed for deployment on the lunar surface through
NASA’s Commercial Lunar Payload Services (CLPS) programme. The instrument aims
to perform high-sensitivity element and isotope analysis of lunar regolith, aiding in the
understanding of its composition and evolution.
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A key aspect of this thesis has been the prototype development to validate the measure-
ment technique that will be implemented in the flight instrument. This involved the
selection and testing of the laser source, a critical component for laser ablation ionisation
and the initial design of the laser optical system, integrating the laser source with the
laboratory mass analyser. Preliminary tests using lunar regolith simulant materials were
performed which revealed challenges in sample handling and required modifications to
the mass analyser to ensure compatibility with lunar regolith analysis.

Beyond prototype development, significant contributions were made to the design of
the flight version of CLPS-LIMS. These include studies defining the requirements for
the instrument’s sample handling system, ensuring it can prepare and deliver lunar
regolith samples effectively for LIMS analysis. The compatibility between the sample
handling system and the LIMS analysis process has been validated, confirming that
regolith samples can be successfully analysed under the expected mission conditions.

Additionally, work was carried out on the commissioning of the CLPS-LIMS engineering
model, focusing on the development of ground support equipment (both hardware and
software) to facilitate the integration and testing of engineering-quality subsystems into a
fully functional instrument. Finally, during an end-to-end test of the engineering model,
measurements on two prospective reference materials selected for flight were successfully
performed. These tests demonstrated the overall functionality of the instrument, providing
confidence in its readiness for future lunar deployment.

Through the presented efforts, the CLPS-LIMS instrument has undergone extensive
development and validation, ensuring its capability to deliver high-quality in-situ chemical
analyses of the lunar surface, supporting upcoming lunar exploration missions.
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Panorama of the lunar surface at the designated landing site of the CLPS-LIMS instrument
near Haworth crater in the Moon’s south pole region. The picture was assembled from
images taken by the narrow- and wide-angle cameras on board the Lunar Reconnaissance
Orbiter.

1 Introduction

1.1 The Moon

The Moon, Earth’s only natural satellite, is a geologically diverse celestial body shaped
by billions of years of meteoroid impacts, volcanic activity, and space weathering (Heiken
et al. 1991). Its surface is covered by a layer of loose, fragmented material known
as lunar regolith, which plays a crucial role in scientific exploration and future lunar
missions. Additionally, the Moon’s extreme physical environment, including temperature
fluctuations, ionising radiation, and electrostatic charging, presents unique challenges for
robotic and human operations.

1.1.1 Lunar Regolith

Lunar regolith was formed over billions of years through continuous meteoroid impacts,
solar wind exposure, and space weathering processes. Since the Moon lacks an atmosphere,
meteoroid impacts on the surface occur at high velocities, shattering rocks into fine
particles and producing impact melt. This continuous bombardment results in a layer of
loose, fragmented material covering the solid bedrock, typically several meters thick in
older regions of the Moon (Li et al. 2024; Shkuratov 2001).
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Table 1.1: Average regional lunar surface oxide chemistry based on returned samples
from the Apollo programme. Concentrations are in wt%. Adapted from Slabic et al. 2024

Region SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O

Highlands 45.62 0.84 24.47 6.6 6.98 14.65 0.48 0.2
High-Ti Mare 41.27 7.48 12.5 16.47 9.75 11.26 0.39 0.11
Low-Ti Mare 45.62 2.09 13.2 16.45 10.19 10.65 0.42 0.19

Space weathering further alters the regolith’s properties by exposing surface grains to
solar wind ions and micrometeorite impacts. These processes create a unique component
called agglutinates, which are glassy, partially melted regolith particles.

Lunar regolith composition varies across different regions as can be seen from the chemical
composition shown in Table 1.1. The Moon’s surface is broadly divided into two main
terrains:

Lunar Highlands
Dominated by anorthosite, rich in calcium-rich feldspar (plagioclase), and containing
lower concentrations of iron and titanium.

Lunar Maria
Basaltic in nature, with higher iron (Fe) and titanium (Ti) content.

The primary chemical constituents of lunar regolith include:

• Oxygen (O) — 40wt% to 45wt% (bound in oxides)

• Silicon (Si), Aluminium (Al), Magnesium (Mg), Calcium (Ca), and Iron (Fe) oxides

• Titanium (Ti) oxides (especially in mare basalts)

• Minor constituents such as sodium (Na), and potassium (K)

Unlike terrestrial soils, lunar regolith lacks water-bearing minerals, organic material,
and oxidation-driven alterations due to the absence of an atmosphere and liquid water
(Heiken et al. 1991).

Due to its formation mechanism lunar regolith exhibits a broad grain size distribution
as shown in Figure 1.1. Coarse fragments (>1mm) include rock fragments and larger
breccias. The regolith’s median grain size ranges from 40µm to 130µm, with an average
of 70µm. Roughly 10% to 20% is finer than 20µm. A thin layer of dust consisting of
submicron particles, created by impact processes and space weathering, contributing to
the regolith’s adhesive nature.

2
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Figure 1.1: Particle size distribution of lunar regolith. The middle blue curve shows the
average distribution, the outer curves show ±1σ. Adapted from Carrier 2003.

This fine, and when illuminated by sunlight, electrostatically charged dust poses a
significant challenge for exploration, as it sticks to surfaces and can cause mechanical
wear on equipment and spacesuits.

1.1.2 The Lunar Surface Environment

The absence of a substantial atmosphere leads to extreme temperature variations on
the lunar surface. Temperature changes are driven by the long lunar day (~29.5 Earth
days), with two weeks of continuous sunlight followed by two weeks of darkness. Daytime
Temperatures can reach about 400K on sunlit surfaces. Nighttime Temperatures drop
as low as 95K in non-illuminated regions (Williams et al. 2017). The Permanently
Shadowed Regions (PSRs) located at the lunar poles remain in permanent darkness and
can reach temperatures as low as 20K making them cold traps for volatiles such as water
ice (Brown et al. 2022; Paige et al. 2010; Siegler et al. 2015).

This extreme temperature range poses challenges for electronic components, mechanical
systems, and human exploration, requiring thermal management strategies for lunar
habitats and instruments.

The Moon’s surface can develop electrostatic charging due to interactions with the space
environment, particularly solar wind and the lunar day-night cycle (Fenner et al. 1973;
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Heiken et al. 1991; Knott 1973; Stubbs et al. 2014). The main sources of electrostatic
charging are:

Photoemission by solar illumination
Solar ultraviolet (UV) and X-ray radiation eject electrons from the surface, resulting
in a net positive charge on the sunlit side.

Solar Wind Plasma
The Moon is continuously bombarded by solar wind electrons and protons, creating
localised negative or positive charging depending on surface conditions. This effect
can only be observed in shadowed regions or on the Moon’s night side, since in
illuminated regions charging by photoemission is dominant.

Plasma Wake Effects
On the nightside and in shadowed regions, an excess of electrons can accumulate,
leading to strong negative surface charging.

This electrostatic environment can lead to dust levitation and transport, especially near
the terminator (the boundary between day and night), where strong electric fields may
lift fine dust particles (Colwell et al. 2007).

The Moon lacks a protective atmosphere and global magnetic field, exposing its surface
to high levels of plasma precipitation and ionising radiation from multiple sources:

Solar Wind
Continuous stream of charged particles (protons, electrons, and alpha particles)
from the Sun, with energies typically up to a few keV per nucleon.

Solar Particle Events (SPEs)
Sporadic bursts of high-energy protons and heavy ions from solar flares with
energies in the MeV range, which pose significant radiation hazards to astronauts
and equipment.

Galactic Cosmic Rays (GCRs)
High-energy charged particles originating from outside the solar system with energies
in the GeV range, including protons, helium nuclei, and heavy ions, capable of
penetrating deep into materials.

The lack of atmospheric shielding means that lunar habitats and equipment must incor-
porate radiation protection measures, such as regolith-based shielding or electromagnetic
deflection systems, to mitigate the risks associated with prolonged exposure (George et al.
2024; Mazur et al. 2015; Reitz et al. 2012; S. Zhang et al. 2020).
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The Moon presents a unique and extreme environment shaped by its lack of atmosphere,
exposure to space weather, and long-term geological evolution. The lunar regolith, formed
through impact-driven fragmentation and space weathering, serves as both a scientific
record of the Moon’s history and a critical material for future lunar exploration. However,
challenges such as electrostatic charging, temperature extremes, and radiation exposure
must be addressed during the development of space instrumentation destined for the
lunar surface.

1.2 LMS - Overview and Principle of Operation

The Laser Mass Spectrometer (LMS) is a miniaturised laser ablation and ionisation time-
of-flight mass spectrometer (LI-TOF-MS) developed at the University of Bern (Rohner
2004; Rohner et al. 2003). The LMS instrument was initially designed and developed for
its application on the lander module of ESA’s BepiColombo mission, meant to investigate
the surface composition of Mercury. The mission’s lander module was unfortunately
cancelled in 2003 due to budgetary constraints (Critical decisions on Cosmic Vision 2003).
Nonetheless, the development of LMS continued at the University of Bern continued, to
expand its capabilities with regards to the sensitive chemical analysis of solids (A. Riedo,
Bieler, et al. 2013; A. Riedo, Meyer, et al. 2013; Andreas Riedo, Neuland, et al. 2013;
Tulej, Andreas Riedo, et al. 2012), thus widening the instruments field of applications.
Since 2019 a variation of the LMS instrument called ORIGIN (ORganics Information
Gathering INstrument) is being developed, focusing on the detection and identification
of organic molecules in the context of the search for life in our solar system (Boeren,
Gruchola, et al. 2022; Boeren, Keresztes Schmidt, et al. 2024, 2025; K. A. Kipfer et al.
2022; N. F. W. Ligterink, Grimaudo, et al. 2020). A general introduction into the
operation principles of LMS is given here.

Laser Ablation Ionisation Mass Spectrometry (LIMS), the fundamental measurement
principle employed by the LMS instrument, is an analytical technique for the spatially
resolved determination of the chemical composition of solids. As in every mass spec-
trometric technique, an ion source is required. In LIMS, a focused, pulsed laser beam
interacts with the solid surface, causing ablation of a thin layer of material as depicted
in Figure 1.2. This process generates an expanding plasma plume consisting of ablated
particles and directly ionised species. In the case of LMS, this ion source is directly
coupled to a time-of-flight (TOF) mass analyser, which separates the generated ions
based on their mass-to-charge ratio (m/q). The ions’ respective flight times are recorded
by a detector and signal acquisition system, allowing for mass spectrum reconstruction.
A more detailed introduction to the principles of TOF-MS is provided in the next section.

5
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Figure 1.2: Schematic overview of the LMS instrument while analysing material on the
lunar surface. The laser beam (green) and flight paths of ions (red lines) are shown.

A key advantage of coupling a pulsed laser ionisation source with TOF mass spectrometry
is that TOF-MS inherently requires pulsed ion generation, which is naturally provided
by the pulsed laser beam.

The ablation conditions, primarily dictated by laser irradiance, influence the type of
information extracted from LIMS.

• At moderate laser irradiances (10MWcm−2 to 100MWcm−2 with nanosecond
lasers), LIMS can detect molecules and molecular fragments.

• At higher irradiances (GWcm−2 for nanosecond lasers, TWcm−2 for femtosecond
lasers), the laser energy leads to atomisation, allowing for element and isotope
analysis of the sample material.

However, quantitative analysis with LIMS remains challenging due to different ionisation
yields of the elements caused by non-stoichiometric plasma formation. The efficiency of
laser ablation and ionisation varies depending on material properties and laser absorption

6
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characteristics, which must be addressed with suitable calibration constants in element
quantification. These effects are particularly pronounced when using nanosecond (ns)
lasers.

To mitigate these challenges, femtosecond (fs) lasers have been increasingly employed in
LIMS (Hergenröder et al. 2006; Andreas Riedo, Neuland, et al. 2013; Tulej, N. F. Ligterink,
et al. 2021). Due to their non-thermal ablation, fs-lasers induce a more stoichiometric
plasma, reducing variations in the ionisation of elements and matrix-dependent biases
(Garcia et al. 2008; Hermann et al. 2010; Russo et al. 2013). As a result, fs-laser-based
LIMS can provide more accurate quantitative results compared to ns-laser systems. A
main limitation of fs-laser systems is their size and power consumption, making them
currently unsuitable for space applications.

1.2.1 Fundamentals of Time-of-Flight Mass Spectrometry (TOF-MS)

The concept of separating ions with different mass-to-charge ratios (m/q) based on their
time-of-flight in field-free region was first introduced by Stephens in 1946 (“Proceedings
of the American Physical Society” 1946). Since its inception, TOF-MS has undergone
continuous advancements, particularly in terms of mass resolution. A significant break-
through came in 1973 with the introduction of the reflectron by Alikhanov (Alikhanov
1957). This innovation improved mass resolution by compensating for energy dispersion
among ions, ensuring that those with the same m/q but different initial kinetic energies
reached the detector simultaneously.

Compared to traditional scanning mass spectrometers like quadrupole or magnetic sector
instruments, TOF-MS offers several distinct advantages:

Broad mass range
Unlike scanning instruments, TOF-MS does not impose strict limitations on the
detectable mass range. The only constraints are defined by the instrument’s
geometry and data acquisition system.

Low weight and simple construction
TOF-MS instruments have relatively straightforward designs, requiring fewer heavy
parts (e.g. electromagnets) than other mass spectrometers, making them ideal for
spaceflight applications and portable analysis systems.

Rapid data acquisition
TOF-MS records a complete mass spectrum with each ion extraction event, elimi-
nating the need for scanning across different masses.

7
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High mechanical tolerances
The performance of a TOF-MS depend primarily on electronic circuits rather than
mechanical alignment of the ion-optical elements (e.g. quadrupoles), reducing the
complexity of construction and lowering production costs.

High sensitivity
TOF-MS is highly sensitive, capable of detecting even single ions. In systems
utilising grid-less ion-optics, 100% ion transmission can be achieved, maximising
detection efficiency and analytical performance.

Today, TOF-MS is a widely used analytical technique in various fields, playing a crucial
role in methods such as Matrix-Assisted Laser Desorption/Ionisation (MALDI-TOF-
MS), Secondary Ion Mass Spectrometry (SIMS-TOF), and Laser Ablation Inductively
Coupled Plasma TOF-MS (LA-ICP-TOF-MS) (Becker 2007). These techniques leverage
TOF-MS’s ability to rapidly acquire full mass spectra with high sensitivity, making it
an essential tool in applications ranging from classical analytical chemistry to materials
science and planetary exploration.

The general operating principle of a TOF mass analyser is based on the acceleration of
the to be analysed ions to a defined kinetic energy Ek, their spatial separation within a
field-free region and subsequent detection of their time of flight.

With the assumption that the initial kinetic energy of the generated ions is zero, Ek after
passing an acceleration potential U is given by

Eacc = qU =
mv2

2
= Ek (1.1)

where q is the ion’s charge, m the ion’s mass and v its velocity after acceleration. With
Equation 1.1 rearranged for v yields

v =

√
2qU

m
. (1.2)

From Equation 1.2 it is evident that lighter ions are accelerated to a higher velocity
than heavier ones, thus after passing a field free region of length d, spatial separation
has occurred. From this the ions’ time of flight t through the field free region can be
calculated as

t =
d

v
= d

√
m

2qU
⇒ t ∝

√
m

q
. (1.3)

Equation 1.3 describes the fundamental principle by which a TOF mass analyser separate
ions according to m/q.
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1.3 NASA’s Artemis Programme and the CLPS initiative

Figure 1.3: The official logo of NASA’s
Artemis programme under which humans
shall return to the lunar surface.

NASA’s Artemis programme is a multi-
phase initiative aimed at returning humans
to the Moon and establishing a sustain-
able lunar presence in preparation for future
Mars exploration (Creech et al. 2022; Smith
et al. 2020). The programme’s primary ob-
jectives include landing the first woman and
the next man on the Moon, developing long-
term infrastructure for lunar exploration,
and fostering international and commercial
partnerships. Artemis focuses on utilising
the Moon’s south pole, a region of scien-
tific interest due to it being uncharted ter-
ritory and potentially harbouring water ice
and other volatiles. NASA’s Surveyor and
Apollo missions, Russia’s Luna programme
as well as the more recent Chinese Chang’e

missions, landed in equatorial regions of the Moon. India’s Chandrayaan-3 mission was
the first to soft land in the lunar south pole region with a latitude of 69◦ S (Karanam
et al. 2023). Since then, Intuitive Machine’s IM-1 mission launched as part of NASA’s
Artemis programme, remained the only other (partially) successful mission to the south
pole region. Hence, most of the knowledge we have about the lunar south pole and its
unique features, such as permanently shadowed regions (PSRs), where potentially water
ice can be found, stems from remote observations (Vondrak et al. 2010). The Artemis
programme is expected to provide numerous opportunities to bring instrumentation to
the lunar surface and perform in-situ studies.

A key component of Artemis is the Commercial Lunar Payload Services (CLPS) initiative,
which leverages private-sector partnerships to deliver scientific instruments, technology
demonstrations, and payloads to the lunar surface (Schonfeld 2023). CLPS is designed to
accelerate lunar exploration by using commercial landers and rovers to support NASA’s
objectives. These missions shall provide essential data on the lunar environment, in-situ
resource utilisation (Anand et al. 2012; Sanders et al. 2008), and surface conditions,
which will guide future crewed missions.

9
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1.4 The CLPS-LIMS Instrument

Figure 1.4: Mission patch of the CLPS-
LIMS instrument destined for the lunar
south pole.

One of the scientific instruments included
in the CLPS payloads is the CLPS-LIMS
instrument, designed for the in-situ chem-
ical analysis of lunar regolith. The design
of the CLPS-LIMS instrument is driven by
the questions asked by the scientific commu-
nity as formulated in the Artemis Science
Definition Team (SDT) report (Artemis III
Science Definition Team Report 2020). The
main goals for the Artemis programme are
as follows:

1. Understanding planetary processes

2. Understanding character and origin of
lunar polar volatiles

3. Interpreting the impact history of the Earth-Moon system

4. Revealing the records of the ancient Sun and our astronomical environment

5. Observing the Universe and the local space environment from a unique location

6. Conducting experimental science in the lunar environment

7. Investigating and mitigating exploration risks

Based on the capabilities of LIMS, the instrument is expected to contribute information
concerning the geochemistry of lunar surface and regolith material, which represents the
overall scientific objective of the CLPS-LIMS payload. This objective is embedded within
Goals 1 and 4 of the SDT report. Part of Goal 1 and 4 are the following objectives:

1 b-1. Determine the extent and composition of the primary feldspathic crust, KREEP
layer, and other products of planetary differentiation.

1e. Understand impact processes: basins, craters, mixing of the crust

1f. Utilise the Moon as natural laboratory for understanding regolith processes and
weathering on anhydrous bodies

4c. Understand changing compositions of impactors with time, and the nature of the
early Earth.

10
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Due to the dynamic nature of the CLPS programme, the details of the mission profile,
apart from the CLPS-LIMS instrument’s concept of operations, remain unknown at
the time of writing this thesis. Based on the requirements, with the different payloads
selected for the lander, the CLPS vendor will consolidate these requirements and develop
the mission profile. The mission’s general outline will most likely follow profiles the first
two, already launched CLPS missions, namely Intuitive Machine’s IM-1 and Astrobotic’s
Peregrine Mission One, both launched in the beginning of 2024.

The lander on which the CLPS-LIMS instrument will be integrated will be launched by
a commercial launch provider into an Earth orbit, from which a trans-lunar injection
(TLI) will be performed, sending the spacecraft towards the Moon. This is followed by a
cruise phase of multiple days to a few weeks, depending on the specific transfer orbit. At
the Moon, the spacecraft is captured into a lunar satellite orbit, from which the decent
to the surface is initiated. Once landed, the scientific part of the mission will commence
and last for about one lunar day (corresponding to about 14 Earth days). As of writing
this thesis, it is not expected that the lander, and thus the payloads, will survive the
lunar night.

Landing site selection for a mission can be a challenging task. This is especially true, when
the landing site is located in the south pole region of the Moon. The high latitudes result
in very low Sun and Earth angles above the horizon. Combined with the highly variable
topography of the lunar surface, requirements like continuous line of sight with Earth over
the mission’s duration for communication and continued solar illumination are challenging
to fulfil. Scientifically, the CLPS-LIMS instrument’s goal is to analyse material from the
early phases of the Moon’s development (pre-Nectarian). In collaboration with the teams
of the other scientific instruments and their specific requirements, the selected landing
site for the mission with the CLPS-LIMS instrument will be on the rim of the impact
crater Haworth, as shown in Figure 1.5.
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Figure 1.5: (A) Topographic map of the Haworth crater and its surrounding structures.
The location marked with a white dot is the currently selected landing site for the mission
with the CLPS-LIMS instrument. (B) Geological map of the landing site. Brown-shaded
regions, in which the landing site lies, are of pre-Nectarian age. Based on Spudis et al.
2008.

1.5 Thesis Outline

The kick-off the CLPS-LIMS project roughly coincided with the start of my PhD project.
The work presented here spans the time frame from the very early prototyping phase until
the first functional engineering model of the actual flight-capable CLPS-LIMS instrument
were tested in the laboratory.

Accordingly, the thesis is organised into three, mostly chronological, chapters. In Chapter 2
the technological adaptations to the existing laboratory LIMS instrument were explored,
that are necessary before constructing a fight-capable instrument for the analysis of lunar
regolith. Chapter 3 introduces the design of the CLPS-LIMS instrument and how the
different sub-systems were prototyped and tested in the laboratory. Finally, Chapter 4
describes the commissioning process of the CLPS-LIMS engineering model, and the
various tests conducted to validate the model’s performance.
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Before designing a LIMS instrument capable of operating
autonomously on the lunar surface, foundational labo-
ratory studies were necessary to identify critical design
adaptations and develop the measurement concepts re-
quired for LIMS analysis of lunar regolith. These studies
focused on understanding the specific challenges posed by
the lunar environment and regolith properties, ensuring
that the instrument could perform reliably under real
mission conditions.

A key aspect of this prototyping phase was the develop-
ment of a compact laser system, serving as the basis from
which a flight-ready design could be derived.

Additionally, initial studies with lunar regolith simulant
materials were conducted to investigate the material’s
behaviour under LIMS measurement conditions. The
findings from these tests were used to define the require-
ments for a flight-ready sample handling system, ensuring
that regolith can be prepared and analysed in a controlled
and reproducible manner.

This chapter details the prototyping efforts undertaken to
bridge the gap between laboratory LIMS instrumentation
and a fully autonomous lunar flight instrument, laying
the groundwork for the final CLPS-LIMS design.

13
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2.1 Flight-prototype Optical System Design

The main challenge for a LIMS system applicable for in-situ research on planetary bodies
is the pulsed laser system used to ablate, atomise, and ionise sample material. The
output energy in the right wavelength regime must be high enough to allow for these
processes to happen in a stable manner. Pulse lengths must be short enough for a high
peak power (MWcm−2 to GWcm−2). The requirements must be combined with a small
volume, low weight, and low power consumption of the overall laser system to be suitable
for a space mission.

Therefore, the laser system represents the critical part of the design process. Recent
technological advances shifted the performance envelope of passive Q-switched Nd:YAG
microchip laser systems (J. Zayhowski 2013; J. J. Zayhowski 2000) into the range usable
for LIMS measurements. Being sufficiently small, with unit sizes at the cm-level, makes
these types of lasers a good choice for this application.

In addition, a laser beam manipulation system was needed, that could guide the laser
pulses from the laser through the mass analyser to the sample surface. Its design should
be suitably compact and robust from the beginning, to aid its conversion in later stages
of the project to a flight-ready system. To be suitable for LIMS measurements, the beam
must be focussed to a spot size in the range of 10s of µm to reach the necessary irradiance
on the sample surface. An additional functional requirement of the system is its ability to
adjust the energy of the laser pulses. Depending on sample material properties, different
laser pulse energies are required to obtain optimal conditions for chemical analysis by
LIMS.

In the following sections, the selection of a suitable laser, the development of the necessary
test setups, and the design of a laser optical system that fulfils the above-mentioned
requirements are discussed.

2.1.1 Laser Source

Laser sources suitable for LIMS are characterised by a combination of key requirements:

• The laser source must be pulsed, so that the ablation process is sufficiently short
to form compact ion packets for the separation by TOF-MS. This limits the pulse
widths to the low ns range.

• The laser’s wavelength must be short enough to be absorbed by the sample and there-
fore have a high ablation and ionisation efficiency. Hence, lasers with wavelengths
in the visible, or better in the UV range are preferred.
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• The laser’s pulse energy must be high enough to, considering its pulse width, reach
peak powers in the kW regime. These powers are required to reach the irradiances
in the range of GWcm−2 on the sample surface, which are needed for good ablation
and ionisation conditions.

• The laser’s pulse-to-pulse energy stability must be as high as possible to ensure
similar plasma properties during ablation and ionisation from shot to shot. As laser
ablation and ionisation is a non-linear process, small variations in the pulse energy
lead to large variations in mass spectrometric signal intensity.

• The laser’s repetition rate must lower than the inverse of the maximally expected
time of flight but should be high enough to allow for fast analysis of the sample.
With the current mass spectrometric setup, this sets the optimal repetition rate in
the range of 100s of Hz to low kHz.

• The laser’s lifetime should be long enough to support the expected mission duration.

In addition, to control the effective pulse energy reaching the sample surface is needed
within a range of about a factor of 10, as the ablation conditions must be optimised
according to the specific sample. This energy adjustment can be part of the laser source
itself or, e.g., a separate beam attenuator within the laser optical system.

Recent technological advances shifted the performance envelope of passively Q-switched
Nd:YAG microchip laser systems with a fundamental wavelength in the IR of 1064 nm
into the range usable for LIMS measurements. Being sufficiently small, with unit sizes at
the cm-level and power consumption <10W, makes these types of lasers a good choice
for this application. Second-harmonic generation with sufficient pulse energies for LIMS,
leading to an output wavelength of 532 nm in the visible range, can be carried out within
the same mechanical envelope.

Table 2.1: Technical specifications of the procured SB1-532-40-0.1 laser. σ denotes the
standard deviation of a value µ the mean.

Wavelength [nm] 532 λ
Pulse Energy [µJ] >40 E
Pulse Energy Stability [%] <0.3 σE/µE

Pulse Width [ns] <1.5 tW
Peak Power [kW] >26 Pp

Repetition Rate [Hz] 100 f

Based on these requirements, a commercial SB1-532-40-0.1 laser (Bright Solutions Srl.,
Italy) was procured. Its technical parameters are summarised in Table 2.1.
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Energy MeterLaser Head + Beam Expander Photodiode

Figure 2.1: Test setup to characterise the dynamic behaviour of the 532 nm SB1
microchip laser system.

To ensure that the obtained laser is compliant with its specifications, validation studies
were conducted using the setup shown in Figure 2.1. With a J-10MB-LE pulse energy
meter (Coherent Inc., USA) the maximal pulse energy and its variation were determined
under various operation conditions. Additionally, by measuring the reflected light from
the energy meter’s surface with a UPD-50-UP fast photodiode (ALPHALAS GmbH,
Germany) connected to a MSO64B (Tektronix Inc., USA) oscilloscope, the beam’s
temporal profile could be analysed.

The pulse energy shows a distinct deviation from the nominal value for the first about 5
pulses at the beginning of each laser burst. This behaviour is depicted in Figure 2.2.

Inside the laser, the pump diode and the second harmonics generation crystal must be kept
within a narrow temperature window for optimal performance. This is accomplished by
two independent thermo-electric coolers (TECs, Peltier elements) controlled by separate
PID loops. As the heat dissipation of both components is different while producing laser
pulses, a transient at the beginning of a burst can be expected until the component
temperatures have stabilised. This behaviour is inherent to the laser’s design. The
heating and cooling power of the TECs is limited, as well as the heat conduction from
the TECs to the actual temperature stabilised components, thus, explaining the pulse
energy instabilities when activating laser light emission. For the application of this laser
the maximally seen instabilities of about 1% within the first 5 pulses, are not deemed
critical. After the stabilisation phase, the variations of the laser energy drop to about
0.1%. Depending on the specific scientific question and the applied LIMS measurement
procedure, it might become necessary to omit the affected mass spectra from further
analysis until the laser has stabilised.
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Figure 2.2: (Top) Measured pulse energy of the SB1-532 laser for the first 50 pulses
after triggering a burst. (Bottom, Left) Pulse energy stability after ignoring the first k
pulses, thus allowing to measure the performance after stabilisation. (Bottom, Right)
Pulse energy stability of k included pulses, emphasising the maximum instability during
the stabilisation phase.

The obtained temporal profile of multiple laser pulses is shown in Figure 2.3. The laser’s
pulse width is calculated as the FWHM of the temporal profile and is found to be
(1.20± 0.02) ns. The measured value is below the maximally allowed 1.5 ns as required
by LIMS and specified by the manufacturer, therefore the laser meets this requirement.

Figure 2.3: Temporal profiles of 1000 pulses emitted by the SB1-532 laser. The mean
FWHM is (1.20± 0.02) ns.

The performed tests validated the laser’s performance and its potential suitability for
LIMS.
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2.1.2 Supporting Electronics and Software

For a SB1-type laser to properly integrate with the laboratory mass spectrometric setup,
a custom interface and controller board was built and the associated firmware as well as
the user-facing control interface were developed.

A main limitation of the SB1 laser’s integrated control electronics is the lack of a burst
mode, in which a precisely defined count of laser pulses with a set frequency is generated.
Operating the laser in such a mode is universally implemented within the laboratory laser
systems of other existing LMS-type instruments. The SB1 laser does offer an external
trigger input, to which a logic TTL signal can be applied, inducing the generation of
a single laser pulse. By applying a fixed-length pulse train to the trigger input, the
laser will emit the appropriate number of laser pulses. In addition, the laser provides a
synchronisation output on which a TTL signal is generated at the instance a laser pulse
is fired, allowing to synchronise the recording of a mass spectrum with the laser emission.
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Figure 2.4: Block diagram of the developed and built SB1 controller board.

Based on these requirements, the “SB1 Laser Controller” was developed, whose block
diagram is shown in Figure 2.4. The main control logic is implemented using a RP2040
microcontroller-based RPi Pico (Raspberry Pi Ltd., United Kingdom) board (Figure 2.4,
U7). The Pico has all the necessary supporting electronics, such as voltage converters
and flash memory on-board, making the overall integration of the microcontroller unit
(MCU) simpler. The controller board interfaces via the DB15 connector J3 with the
laser. It carries all the necessary signals to control the laser. These are:

Power Supply voltage for the laser electronics and separately for the laser diode. The
latter can be switched on/off under MCU control via the MOSFET U10, ensuring
no laser emission can take place.
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Logic I/Os TTL-level logic signals from the MCU to the laser, such as the laser trigger
signal and status signals from the laser to the MCU, as well as the synchronisation
signal on laser pulse emission.

Communication Universal Asynchronous Receiver Transmitter (UART) interface to
control and configure the laser electronics.

As shown in Figure 2.5, power to the controller is supplied using connector J1. Via
connector J2 a USB-based connection is established between a controlling computer
and the SB1 controller board. The connection allows for communication with the MCU
and the laser via an integrated USB-UART converter (U4). The laser synchronisation
signal generated by the laser is buffered, so it can drive a 50Ω load, such as a high-speed
digitisers trigger input that can be connected via the BNC connector J4.

Figure 2.5: Revision 1 of the designed and built control board for SB1 type lasers. It
contains a microcontroller-based trigger pulse generator and the necessary interfacing
electronics to communicate via one USB connection (J2) with the laser and the controller.

The firmware for the controller was developed in C++ and implements a simple ASCII-
based protocol via which the various inputs and outputs can be read or set, and via
which the laser burst generation is configured and triggered.

For interaction with the user, a GUI written in Python was developed. A screenshot is
shown in Figure 2.6. The developed programme features an application programming
interface (API), through which already existing control software of the ORIGIN setup
can communicate with the controller board.
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2 Prototyping the CLPS-LIMS concepts

Figure 2.6: Screenshot of the user interface to control the SB1 type lasers and the
associated control board, as well as the laser power attenuator mounted within the laser
optical path of the prototype laser system.

2.1.3 Beam Shaping and Guiding System

The output of a laser source is usually a collimated beam with a defined diameter. For
laser ablation and ionisation conditions using ns-pulse lasers, irradiances in the range of
GWcm−2 at the sample surface are necessary. Due to its geometrically compact form,
the LMS mass analyser has an upper limit of number of ions it can separate within
an ion packet, before space charge effects impede the spectral quality. The number of
produced ions is influenced by the area in which the laser beam’s irradiance is above
the material’s ablation threshold. Due to this additional constraint, the light-matter
interaction of interest should take place in a limited area with a diameter in the range of
10µm to 20µm, which is typically about 2 orders of magnitude smaller than the beam
diameter at the laser’s output. The purpose of the beam shaping and guiding system is
to manipulate the laser’s output optically, such that the above-mentioned constraints are
fulfilled on the sample surface.
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Figure 2.7: Breadboard-type test setup for the beam shaping and guiding system for a
microchip laser. Panel A visualises the beam path through the optics. Panel B shows a
top-view of the setup with the different components marked. LA: laser with primary
beam expander, M: mirror, B: secondary beam expander, L: focussing lens, T: ablation
sample.

The general design of such a system involves the focussing of the collimated laser beam
by means of a concave lens in such a way that a beam diameter of the required size is
reached in the focal spot. The minimal focal spot size dmin in the diffraction limited case
can be estimated by

dmin ≈ 4

π
λF# (2.1)

with λ the wavelength of the light, and F# the focussing lens’s F-number according to

F# = f/d (2.2)

with f being the focal length of the lens and d the beam’s input diameter. Hence, to
minimise dmin, f must be minimised and d maximised.

Based on these concepts, a new beam guiding system for the integration of the SB1-
532 laser was prototyped. In an additional step the system was refined, eliminating
superfluous optical components and optimising its implementation. The breadboard
implementation of the system is shown in Figure 2.7. It consists of the laser source LA,
which has a collimated beam diameter at its output of about 4mm. The main focussing
element L is a spherical plan-convex lens with a focal length f = 300mm. The lens’s focal
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length is given due to the mechanical constraints of the ORIGIN setup, into which the
laser system should be integrated. As the optical system is located outside the vacuum
chamber, no lens with a shorter focal length could be utilised. To reach the required focal
spot diameter of <20 µm, the laser’s output beam must be expanded first. A 5x Galilean
telescope-type beam expander B is used for this purpose, expanding the laser beam’s
diameter to 20mm. For verification of the ablation condition, a sample T is placed in
the focal spot of the lens L. According to the above given first-order approximation, a
focal spot with diameter dmin ≈ 10µm can be reached with this setup.

Initial tests conducted with this setup using a stainless steel plate as sample resulted in
audibly and visibly discernible ablation conditions at atmospheric pressures. Parametric
studies of the crater shapes to determine the necessary laser irradiance to remove sample
material, a prerequisite for LIMS measurements, were conducted using the setup. The
resulting crater profiles and diameters were determined using a ContourGT-K (Bruker
Nano Inc., USA) white light interferometer. As the laser pulse energy needed to be varied
for these measurements, a laser beam attenuator was added in the beam path before the
beam expander B. The sample was mounted on a PT3 XYZ manual linear translation
stage (Thorlabs Inc., USA). This allowed to move the sample along the system’s optical
axis, which corresponds to the Z axis.

Initially, the focal position of the optical system determined by moving the sample in
discrete steps of dz = 250 µm closer to the laser along the optical axis. At each distance
100 laser shots at a pulse energy of 8.0 µJ (attenuator transmission T = 20%) were
deposited. The resulting craters were microscopically evaluated as shown in Figure 2.8,
panel A. The crater at distance z = 0mm was determined to be closest to the system’s
focal position, as it shows optically the most confined crater shape. The out of focus
craters show a diminishing central ablation craters, while the discoloured heat affected
zones, typical for ns pulse ablation, grow. This trend matches the expectations, as the
beam’s peak irradiance decreases when moving away from the focal position. As ablation
takes only place if an irradiance threshold is surpassed, the decrease in peak irradiance
leads to effectively smaller ablation craters when keeping the laser pulse energy constant,
as shown in Figure 2.9. For in-focus conditions, the crater diameter approached the laser
beam diameter. At sample positions z < −1mm a fringe pattern in the heat affected
zone is observable, as shown in Figure 2.8, panel B. This is consistent with measured
aberrations present in the laser beam after the focal position, most likely due to using a
spherical lens as focussing element.
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Figure 2.8: (A) Microscopic image of ablation craters produced by the breadboard laser
system on a stainless steel sample. A focus scan at high irradiance if I = 1.30GWcm−2

was performed by moving the sample closer to the laser through the laser focus. The
ablation crater corresponding to the laser focus (z = 0mm) was determined optically,
having the most confined crater shape. The evolution of the craters in focus was studied at
different laser irradiances. (B) Enlarged microscopic image of craters created at distances
closer to the laser than the focus. Comparing the produced craters and discolourations
with the corresponding beam profile, the fringes due to aberrations in the optical system
become evident. (C) Exemplary crater profile as observed after ablation of the stainless
steel. For the determination of the crater diameter d, the outermost part of the change
of topology is considered.

To determine the minimally needed laser irradiance for ablation, a laser pulse energy scan
with the sample placed at z = 0mm was performed. Using a CCD beam profiler, the laser
beam width was determined to be 23.7 µm in focus, thus resulting in applied irradiances of
0.04GWcm−2 to 1.30GWcm−2. The obtained craters are shown in Figure 2.8, panel A.
Interferometrically, crater formation was observed at irradiances >0.3GWcm−2 with the
crater diameter increasing with increasing irradiance, as shown in Figure 2.9. For high
irradiances the crater diameter was roughly equal to the laser beam diameter.

From these studies performed using stainless steel as sample material, the following initial
requirements for the laser optical system were derived:

• The peak irradiance must be >0.3GWcm−2 at every possible sample position.

• To achieve ablation craters <20 µm, the laser beam diameter must not exceed
20µm.
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Figure 2.9: (Top) Crater and laser beam diameter of the breadboard setup depending
on the distance from the focal position z. (Bottom) Ablation crater diameter depending
on the laser irradiance with the sample being at z = 0mm.

An equally structured measurement campaign was performed using granite as sample
material. With the granite sample being a dielectric, a higher ablation threshold is
expected which should more closely match the ablation threshold for lunar regolith
material than the threshold derived from stainless steel. For the granite a minimum
ablation threshold of 0.6GWcm−2 was determined. The crater size didn’t exceed the
laser beam diameter even for irradiances as high as 4.5GWcm−2.

In conclusion, to account for all possible pulse energy losses in the complete mass
spectrometric system due to additional optical surfaces, the laser optical system shall
generate irradiances at least in the range of 0.1GWcm−2 to 1.0GWcm−2.

Based on the validated concept, a simplified version of the beam guiding system was
developed. It combines all necessary optical components into a linear cage system, called
to optical tower, making alignment and integration onto the mass spectrometric setup
very easy.

In addition to the necessary secondary beam expander and focusing lens, a variable beam
attenuator is integrated to allow tuning the laser irradiance in accordance with the needs
of the specific LIMS measurement. The CAD model and a picture of the built laser
optics tower are shown in Figure 2.10. As all optical components are mounted linearly,
no intermediate mirrors are needed, eliminating all degrees of freedom for alignment.
Custom designed and produced holders for the beam attenuator and the laser ensure the
optical axis of all elements is co-linear by design.
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Figure 2.10: CAD model (left) of the laser optical tower system and image of the
assembled version (right). The optical path follows the same structure as the breadboard
setup shown in Figure 2.7, excluding the mirrors.

The completed optical design was simulated in Ansys Zemax OpticStudio to verify
that the inclusion of the beam attenuator does not reduce the quality of the focal
spot. The diameter of the focal spot is calculated to be 12.8 µm, as can be seen in
in Figure 2.11. Since the numerical simulations are based on accurate physical wave
propagation calculations and proper models of all involved optical components, the
difference to the previously calculated first-order approximation of dmin ≈ 10µm for the
focus diameter is expected.
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Figure 2.11: Simulations of the tower-design’s optical performance. (A) Beam path
from the laser to the focal spot with all simulated optical surfaces. (B) Beam profile at
the output of the SB1 laser. Its parameters are derived from data provided by laser’s data
sheet. (C) Calculated beam in the focal spot. A beam diameter of 12.8 µm is reached.

The developed tower-system design provides all the necessary features to be suitable
for the integration into a flight-capable LIMS system. Based on its general structure,
the concept study as shown in Figure 2.12 was designed by the institute’s mechanical
engineering team.
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Figure 2.12: Initial conceptual design of a flight-capable LIMS system, based on the
results of the studies discussed in this thesis.

The central part of the design is an optical bench that support and maintains the co-
alignment of all elements. It also provides the mechanical platform to the spacecraft.
The laser is housed in a pressurised container, filled with synthetic dry air. This avoids
the need for using vacuum compatible components within the laser source and thus
simplifying its implementation. A beam expander (BEX) widens the beam, so that a
smaller focal spot can be created by the subsequent focussing lens.

This concept study served as the baseline design from which the CLPS-LIMS instrument
evolved. Critical requirements regarding the instrument’s optical design were derived
from the studies described in this thesis.
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2.2 Sample Observation System

All the initial mass spectrometric measurements conducted during the prototyping phase
of the CLPS-LIMS project used the ORIGIN setup. For sample positioning, the setup
features a XYZ linear stage consisting of three AG-LS25-27V6 (Newport Corp., USA)
actuators with maximal motion ranges of 27mm. As the actuators are open-loop, the
absence of position feedback in the stage limits the accuracy and reproducibility of sample
positioning. To address this limitation, a camera-based sample observation system was
developed to enhance sample positioning accuracy, enable real-time observation of the
ablation process, and facilitate laser system alignment.

The camera system provides visually accurate sample positioning and allows for direct
observation of the laser ablation process. This capability is particularly relevant for the
studies conducted in this project, as they involve lunar regolith simulant — a material
that has not previously been investigated in this context. Furthermore, the system
enables high-resolution determination of the laser beam position relative to the mass
analyser, improving alignment accuracy and simplifying the alignment procedure.

Front
Camera

Side
Camera

Figure 2.13: ORIGIN chamber with two orthogonal viewports. The cameras of the
observation system are mounted to the setup using dovetail rails for alignment purposes
and point towards the ablation region.

The system is implemented using two orthogonally mounted G1-319m CMOS cameras
(Allied Vision Technologies GmbH, Germany). A key design constraint was the require-
ment for a minimal working distance of 200mm, as the cameras needed to be positioned
outside the vacuum chamber. Additionally, the field-of-view had to be greater than 27mm

to fully cover the stage’s motion range. To meet these requirements, a C-35-F2.0-10MP
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(Allied Vision Technologies GmbH, Germany) objective with a 35mm focal length was
selected, providing a horizontal field-of-view of 33.4mm, while achieving a pixel resolution
of 16µm.

The completed setup, shown in Figure 2.13, is mounted using optical dovetail rails,
allowing precise alignment of the cameras. An image captured by the front camera during
the ablation process (Figure 2.14) demonstrates the system’s capabilities. The ablation
location in relation to both the sample and the sample holder is clearly visible, facilitating
accurate sample positioning. Additionally, the laser beam’s position relative to the mass
analyser entrance can be observed, enabling precise alignment of the laser through the
centre of the mass analyser. The ablation region itself is also clearly visible, allowing for
real-time visual observation of laser-matter interactions.

Figure 2.14: Ablation region as imaged by the front camera. The location of the laser
beam in relation to the mass analyser entrance and the sample is clearly visible.

The camera system is fully integrated into the instrument’s control software, enabling
automatic video recording and the capture of snapshots at predefined events within
the measurement procedure. This integration enhances the overall functionality of the
system, providing a robust and reliable tool for sample alignment, laser positioning, and
process monitoring.

The camera system proved as an invaluable tool during the studies investigating the
behaviour of the lunar regolith simulant, as the next section will show. It provided
input to the CLPS-LIMS instruments design, minimising the risk of malfunction when
analysing grainy, loose material, such as lunar regolith.
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2.3 The Sample: Lunar Regolith Simulant

The CLPS-LIMS instrument is designed to perform chemical composition analysis of
lunar regolith at the Moon’s south pole. To develop the measurement procedures and
guide the CLPS-LIMS instrument’s design, a suitable sample material is necessary for
laboratory testing. However, actual lunar regolith is available only in limited quantities,
primarily from the Apollo missions, necessitating the use of high-fidelity lunar regolith
simulant materials.

In the context of the CLPS-LIMS project, lunar regolith simulant materials serve as
substitutes for real lunar soil, replicating its chemical and mechanical properties for
different testing purposes:

Method Development
Simulant materials must mimic the chemical composition of lunar regolith to enable
accurate calibration and validation of the instrument’s analytical capabilities.

Engineering and Sample Handling Tests
Simulant materials must approximate the mechanical properties of lunar soil to
assess sample collection, processing, and handling mechanisms.

Although lunar regolith simulant materials are carefully designed to approximate the
properties of real lunar soil, fundamental differences remain due to their terrestrial origins
and artificial processing methods. These differences arise from variations in formation
processes, chemical composition, and mechanical properties.

Lunar regolith is the product of billions of years of meteoroid impacts, space weather-
ing, and solar wind interactions. These processes create highly irregular, sharp-edged
grains and introduce unique components such as glass-mineral agglutinates, and solar
wind-implanted ions (Brinckerhoff et al. 2000; Cudnik 2023; Hapke 2001; O’Brien et al.
2021). In contrast, simulant materials are manufactured from naturally occurring terres-
trial minerals, sourced from specific geological deposits and ground to match the size
distribution of lunar regolith.

Chemically, lunar regolith and simulant materials exhibit distinct differences (Slabic
et al. 2024). Terrestrial materials often contain hydrated minerals, sulfates, and clays,
which do not exist on the Moon due to its anhydrous environment (Heiken et al. 1991).
Conversely, lunar regolith contains components absent in terrestrial materials, such as
pyroclastic glass from ancient volcanic activity (Heiken et al. 1991; McIntosh et al. 2024),
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micrometeorite impact features at both millimetre and µm scales, and surfaces that have
been fundamentally altered by space weathering (Pieters et al. 2016).

Mechanically, lunar regolith simulant materials struggle to reproduce the highly irregular
grain morphologies found in real lunar soil. Lunar regolith grains exhibit sharp, angular
surfaces due to continuous fracturing from meteoroid impacts, whereas simulant grains,
even when crushed and processed, tend to be more rounded. This discrepancy influences
the behaviour of the material in engineering tests, particularly for experiments involving
transport, adhesion, and mechanical interactions with equipment.

To accommodate both methodological and engineering testing needs, two specific lunar
regolith simulant materials are utilised, both provided by Space Resource Technologies,
USA:

LHS-1 (Lunar Highlands Simulant)
Used for methodological development due to its high chemical fidelity.

LHS-1E (Lunar Highlands Engineering Simulant)

• Used for engineering purposes, particularly for developing and testing the
sample handling mechanisms.

• Geotechnically equivalent to LHS-1 but with a simplified chemical composition,
making it less representative for analytical testing by LIMS but suitable for
mechanical evaluations.

For the remainder of this chapter, only LHS-1 will be considered, as the studies described
were all conducted in the context of LIMS measurements.

Mineralogically and chemically, LHS-1 is designed to mimic the composition of the lunar
highlands. Since it is expected that the lunar south pole region is geologically similar to
the lunar highlands (Spudis et al. 2008; Wang et al. 2024), this simulant was obtained.
No simulant developed specifically to mimic the presumed geological composition of the
lunar south pole region was available at that time. LHS-1 is predominantly composed of
anorthositic material, high in plagioclase feldspar with lower iron and titanium content,
compared to simulant materials that mimic lunar mare regolith. For element analysis
by LIMS, the chemical composition of the sample material is of particular interest. The
concentrations of the specified metal oxides as measured by X-ray diffraction (XRD) are
given in Table 2.2. The corresponding element concentrations have been calculated. The
simulant’s grain size distribution follows well the general distribution of lunar regolith,
as determined from the Apollo sample, as can be seen in Figure 2.15.
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Table 2.2: Chemical composition of LHS-1 as determined by XRD according to the
datasheet (see Appendix B). LOI denotes loss on ignition.

Oxide Oxide wt% Correspond-
ing Element

Element At.
Fraction

SiO2 51.2 Si 23.9%
TiO2 0.6 Ti 0.36%
Al2O3 26.6 Al 14.1%
FeO 2.7 Fe 2.1%
MnO 0.1 Mn 800 ppm
MgO 1.6 Mg 1.0%
CaO 12.8 Ca 9.1%
Na2O 2.9 Na 2.2%
K2O 0.5 K 0.4%
P2O5 0.1 P 400 ppm
LOI 0.4 - -

Total 99.4 - -

Figure 2.15: (Left) Grain size distribution of LHS-1 simulant. (Right) Comparison
with Apollo Lunar Highland samples. Adapted from LHS-1 datasheet.

The following studies present the first attempts in analysing lunar regolith with a
laboratory LIMS setup. The purpose of these studies was to gain experience with lunar
regolith, in particular how it behaves physically during analysis by LIMS, to guide the
necessary design choices for the CLPS-LIMS instrument.
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2.3.1 Behaviour during LIMS measurements

Initial measurements of lunar regolith simulant, specifically LHS-1, using the laboratory
LIMS instrument ORIGIN were performed.

The setup was equipped with the previously described laser optical tower using the
SB1 532 nm laser. The sample was prepared on an unmodified sample holder, which is
usually used for the analysis of organic films (Boeren, Keresztes Schmidt, et al. 2025;
N. F. W. Ligterink, Kristina A. Kipfer, et al. 2022). The sample holder has 5 round
cavities arranged in a row, as can be seen in Figure 2.16. Each cavity has a diameter
of 3mm and a depth of 200µm. Regolith simulant was filled into the 3 central cavities
and compressed manually with a spatula. Excess material was removed, making sure the
surroundings of the cavities were free from sample material.

The sample was placed in the instrument’s vacuum chamber and evacuated. LIMS
measurements were performed with pulse energies of about 0.9 µJ at the sample surface.
In total, 100 000 laser shots were applied to the surface while continuously moving along
the axis of the sample cavities. The state of the sample and sample holder after this
measurement campaign is shown in Figure 2.16. The sample material has clearly spread
out of the cavities, leaving the cavities partially empty.

Figure 2.16: LHS-1 regolith simulant on a sample holder with 200µm deep cavities
after being subjected to analysis by LIMS.

These measurements showed clearly that the methodology needed to be improved. The
thin layer of sample material within the cavity had a very low cohesion, allowing the
laser pulses to liberate particles from the bulk sample. A possible second mechanism for
the sample to spread could be the ionisation of a macroscopic sample particle, which is
then influenced by the downwards extending electric fields of the mass analyser, leading
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to pickup of the particle and subsequent redeposition. Additionally, to the unwanted
sample spread during measurement, the shallow cavities caused a bias towards smaller
grain sizes, as particles extending beyond the surface of the sample holder were removed
during sample preparation.

To address these issues, a new sample holder was designed to minimise sample loss,
accommodate a wider range of grain sizes, and improve overall measurement consistency.
The key features of the new design include:

• Five sample channels, allowing for the analysis of multiple samples or different
preparation methods within a single measurement.

• Increased cavity depth of 1.2mm, enabling the accommodation of particles up
to 1mm in diameter, aligning with the size distribution of LHS-1 regolith simulant
and the lunar regolith.

• Larger surface area, allowing for extended rastering of the laser beam across
pristine sample areas.

• Extended surrounding area, designed to catch any ejected sample material,
reducing contamination of the vacuum chamber and other components.

• Cutouts along the rim, providing an unobstructed view of the ablation region
for the sample observation system, allowing real-time monitoring and analysis of
the laser-material interaction.

Additionally, an improved sample preparation procedure was developed to enhance
sample preparation consistency and simulate the preparation conditions of a future
sample handling system on the CLPS-LIMS. The process follows these steps:

1. Filling the channels: The sample material is poured into the cavities, ensuring
complete coverage.

2. Overfilling and scraping: Excess regolith simulant is added to overfill the
channels, followed by careful scraping to remove excess material extending above
the surface of the sample holder. This step ensures a uniform surface level across
all channels.

3. No additional compaction: To simulate a worst-case scenario in which the
sample material has minimal cohesion, no further compression or consolidation
is performed. This approach preserves the natural behaviour of loosely packed
regolith and allows for the evaluation of potential sample displacement during
measurements.
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The developed and manufactured sample holder is shown in Figure 2.17. Two of the five
channels are filled with LHS-1. The front view highlights the well-defined sample surface.

Top Front

Figure 2.17: New sample holder specifically designed for the analysis of lunar regolith
simulant. Two of the 1.2mm deep, 5mm, wide and 27mm long channels are filled with
LHS-1.

During continued usage of the system a significant issue was identified related to the
interaction between ejected sample particles and the mass analyser’s electrodes. In
particular, sample grains could become stuck between the ground electrode and the
subsequent acceleration electrode, as shown schematically in Figure 2.18 (panel A).

Ground
Acceleration

Snorkel
Lens

Sample

A B

Figure 2.18: (A) Schematic of the mass analyser’s entrance electrodes. A regolith
simulant grain lodged between the ground and acceleration electrode is drawn in red.
(B) Picture of an induced discharge to dislodge the stuck grain. The outlines of the
ground electrode are highlighted.

The consequences of this contamination varied depending on the mineral composition
and electrical properties of the trapped grain:

• Loss of Spectral Signal: If the trapped grains were electrically conductive, it
could create electrical discharges, disrupting the electric field and preventing proper
ion acceleration. This resulted during measurement in a complete loss of measurable
signal, rendering the mass spectrometric analysis impossible.
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• Measurement Instability: Even in cases where no immediate discharge occurred,
the presence of a foreign particle within the electrode gap introduces the risk of
signal fluctuations or degradation over time.

To restore nominal performance of the instrument, the contamination had to be removed.
Normally, this was performed by venting the vacuum chamber and manually removing
the stuck particle.

Additionally, a potential last-resort method for clearing the obstruction has been identified.
By temporarily increasing the acceleration voltage beyond normal operation conditions,
controlled discharges can be induced, as shown in Figure 2.18 (panel B). This process
can dislodge the stuck particle and restore proper mass analyser functionality. While this
approach is viable in emergency situations, it carries inherent risks, including potential
long-term damage to the electrodes or power supplies. Therefore, it is considered a
contingency measure, nevertheless one that can be performed during flight without local
human interaction.

To mitigate the inherent risk of simulant grains become stuck, the minimum distance
between the ground electrode and the acceleration electrode was increased from 0.3mm

to 0.6mm. This change significantly reduces the likelihood of a grain becoming trapped
within the gap, as fewer particles from the lunar regolith fall within this critical size
range. Following the implementation of this design change into the instrument, roughly
an order of magnitude more measurements were conducted with LHS-1 and no stuck
grains were detected. As a risk mitigation strategy, this design change has been carried
over to the CLPS-LIMS instrument.
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2.4 Impact on related research

2.4.1 Laser-Based Mass Spectrometry for Organics Detection

The developed instrumentation presented in this chapter, mainly the microchip laser
system and the sample observation system, are now fully integrated into the ORIGIN
setup.

ORIGIN, in its nominal configuration, is mainly used for research concerning the detection
and identification of bio-molecular signatures of life. Based on laser desorption, organic
molecules known as building blocks of life, such as amino acids or different groups of
lipids, can be detected.

The samples of interest are drop-cast into sample holders containing up to 25 cavities
with diameters of 3mm. Prior to the integration of the sample observation system, the
only way to accurately position the sample under the laser beam was for the user to
observe the sample through the viewports of the vacuum chamber while moving the
sample stage. As the sample observation system delivers orthogonal side-on views of the
sample holder, accurate positioning in all three axes via the delivered camera images
is possible. In the following publication this feature is highlighted. In the future, this
system can be extended to automatically detect features on the sample holder, which
it can use as reference points, making fully automatic positioning of the sample holder
possible.

For the desorption of molecules, a laser in the UV range is highly advantageous, as most
molecules do not absorb light in the visible range. At the time of writing, a second
optical tower with a SB1-based 266 nm laser was constructed to fully replace the active
Q-switched laser system of the ORIGIN setup. The main advantage of this new laser
system is the increased pulse-to-pulse energy stability of <1%, making new measurement
protocols feasible. A description of these is beyond the scope of this thesis.
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1. Introduction
With the two Viking spacecraft that landed on Mars in the

1970s,[1] humanity began the challenging endeavour of detecting 
and identifying signatures of life in our Solar System. The landers 
were equipped with highly sophisticated payloads at that time, 
which included Gas Chromatography Mass Spectrometric (GC-
MS) systems for molecular signature identification.[2-5] Unfortu-
nately, in situ measurements of Martian surface material using 
the Viking science instrumentation did not provide conclusive ev-
idence of the presence of life. Since then, other exploration mis-
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vestigation of laser-based mass spectrometers for the chemical 
(elements, isotopes, and molecules) analysis of samples for their 
potential application on future exploration missions.[15,16] In this 
contribution, we highlight the current measurement capabilities of 
our ORganics Information Gathering INstrument (ORIGIN),[17] 
which has been designed for in situ detection and identification 
of various groups of organics. ORIGIN is a Laser Ablation Ionisa-
tion Mass Spectrometry (LIMS) system that operates in the laser 
desorption mode to gently desorb organic molecules from sample 
surfaces. Based on the current measurement capabilities, several 
international groups have shown interest in using this technology 
on future missions, ranging from signature detection in the Venu-
sian cloud to lipids on the Martian surface. 

2. ORIGIN – Laser-based Mass Spectrometry

2.1 System Description
ORIGIN is a LIMS system operating in the laser desorption 

mode (highly reduced irradiance compared to the laser ablation 
mode) for the sensitive detection and identification of organic 
molecules. The system is described in more detail in previous 
publications,[17–19] so only a brief overview of the measurement 
principles is given here. The schematics and operating principle 
are shown in (Fig. 1). The system consists of a miniature reflec-
tion-type time-of-flight mass analyser[16] coupled to a pulsed na-
nosecond laser system (Nd:YAG, τ ~ 3 ns, λ = 266 nm, laser pulse 
repetition rate of 20 Hz, actively Q-switched). The simple beam 
delivery system placed on an optical table directs the laser pulses 
to the lens system which focuses the laser beam through the mass 

sions have been or will be launched to search for life in our Solar 
System. NASA’s Curiosity[6] and Perseverance rovers[7] are cur-
rently operating on the surface of Mars to better understand hab-
itability conditions and search for life, and are the best equipped 
rovers ever operated in space science. In addition, the Persever-
ance rover is currently collecting sample material and sealing it 
in tubes, in preparation for later collection and transfer to Earth 
for detailed laboratory analysis as part of the Mars Sample Return 
Mission.[8–9]

There are different categories into which signatures of life 
can be grouped. The Mars 2020 Science Definition Team has de-
fined six promising groups, ranging from isotope fractionation to 
macroscopic signatures visible to camera systems.[10–11] Building 
blocks of life, such as amino acids or lipids, are arguably a prom-
inent category of life signatures. Their detection could indicate 
the presence of life as we know it. Consequently, the astrobiol-
ogy community has been pushing for detection capabilities for 
these molecules on past, present, and future missions.[12–13] So far, 
GC-MS systems have been widely used in exploration missions 
because of their measurement capabilities,[14] e.g. L and D ami-
no acids can be distinguished with the appropriate GC column, 
and their excellent performance in laboratory research. However, 
since the Viking missions to Mars, the GC-MS systems have not 
provided conclusive evidence of the presence of life. As a result, 
the space science community is looking for alternative and sensi-
tive measurement technologies for future use. 

Since the beginning of 2000, the Mass Spectrometry Group 
of the Institute for Space Research and Planetary Sciences at 
the University of Bern has been working on the design and in-

Fig. 1. Operating principle and 
schematics of the ORIGIN LIMS 
setup used for organics detection 
and identification.
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mentioned gram of ice corresponds to a sample received during 
a mission on an icy moon, e.g. Europa Lander mission.[12] The 
measurements showed that each amino acid can be identified 
in the mass spectra by its simple and unique fragmentation pat-
tern induced by the laser-molecule interaction. The current setup 
does not allow differentiation between isomers, e.g. iso-leucine 
and leucine, or measurement of the enantiomeric excess (L/D). 
The top panel of Fig. 4 shows a mass spectrum of aspartic acid 
(Asp, 100 µM, in solution, 100 pmol / g ice, 14 pmol mm–2) 
measured using the typical measurement protocol. The recorded 
mass spectrum shows three distinct mass peaks of Asp, allow-
ing the amino acid to be reliably identified. When distributed 
over the 40 surface positions, variations in intensities are ob-
served, as expected, due to the inhomogeneous distribution of 
the molecule ‘film’ over the cavity. However, the ratio between 
the fragments remains almost constant (within one sigma, see 
Fig. 2 in Ligterink et. al. 2020),[17] allowing an identification by 
fragment ratio analysis, comparable to element isotope analysis. 
Consequently, this information can be used to feed a database 
that allows the simulation of amino acid patterns. The lower 
panel of Fig. 4 shows such a simulation of Asp, simulating the 
three major fragments observed for Asp. It is planned to consol-
idate the software routine (not yet finalised) for post-analysis of 
the presence and abundances of species within a more complex 
mixture by fragment ratio analysis and least- square fitting. In 
addition, the first large measurement campaign carried out on up 
to 20 amino acids using the ORIGIN setup, has shown that there 
is a linear correlation between fragment intensity and amino acid 
concentration. In Fig. 5 the linear correlation between the drop 
cast concentration and one of the major fragments (at mass m/z 
of 110) of histidine (His) is shown. This is extremely valuable 
information as it allows a rough estimation of the abundances of 
the molecules detected. It should be noted that such a correlation 
can only be derived for thin films or low concentrations of organ-
ics, as we expect to receive on e.g. Mars or the ice moons Europa 
and Enceladus.[12–13] Above a certain concentration, resulting in 
a thick layer of organics, we expect a saturation effect due to a 
maximum limit in desorbed sample material per laser shot using 
our current measurement protocol. 

analyser onto the sample surface to spot sizes of about 30 µm in 
diameter. Pulse energies in the range of about 1–5 µJ (at the sur-
face) are typically applied in mass spectrometric studies, resulting 
in laser irradiances in the order of MW/cm2. Each laser pulse gen-
tly desorbs and ionises the analyte of interest, allowing the posi-
tively charged species to enter the entrance ion optical elements 
of the mass analyser. The species are accelerated and confined 
towards the drift tube, reflected at the ion mirror towards the  
multichannel plate (MCP) detector system[20] through the drift 
tube a second time. The species arrive at the detector system se-
quentially according to their mass-to-charge ratio (Time of Flight 
(TOF) measurement principle). Read-out-electronics with a sam-
pling rate of up to 2 GS/s record the TOF spectrum (length of 20 
µs) for each laser pulse, which is then stored on the host comput-
er for post processing. Software packages written in-house are 
used for subsequent data analysis. [21] Empty TOF spectra (i.e. no 
mass peak detected above the noise floor, typically 6 sigma) are 
not considered for analysis. The sample holder is placed on an 
XYZ stage to allow for accurate positioning of the holder below 
the mass analyser aperture. Two cameras mounted orthogonally 
allow for visual feedback of the sample holder position. In Fig. 2 
the visual imaging of the sample holder together with the entrance 
ion optics of the mass analyser from one of the cameras is shown. 
The bright white spot visible below the mass analyser corresponds 
to the focus of the laser beam and the induced plasma (here laser 
ablation conditions).

2.2 Measurement Protocol
Typically, 1 µL of sample analyte is drop cast into a cavity (0.2 

mm × Ø 3 mm) of a sample holder. It is important to note that in 
contrast to MALDI no matrix is present within the cavity. Prior to 
integration into the vacuum chamber, the sample holder is placed 
on a clean bench (ISO5) where the water or other solvent contain-
ing the analyte of interest can evaporate in a clean environment. 
The sample holder with the remaining organic residue film is then 
placed in the vacuum chamber, the chamber is evacuated, and 
once a low enough pressure is reached (~ 5 × 10–7 mbar) the mass 
spectrometric measurements are initiated. Each cavity is typically 
spot-wise investigated over 40 surface positions (can be adapted 
to the scientific needs), considering the inhomogeneous distribu-
tion of the residue film (see Fig. 3). A Python control package con-
ducts the measurements autonomously according to user input.

3. Detection and Identification of Organics

3.1 Amino Acids
After the design and manufacturing phase of ORIGIN, the first 

measurements were conducted in 2019 on up to 20 biotic and abi-
otic amino acids, drop cast into cavities of a stainless steel holder 
at various concentrations (1 µl drop cast of 100–1 µM solutions, 
corresponding to 14–0.14 pmol mm–2, or 100–1 pmol  / g ice), 
mixtures thereof, and contaminated with NaCl salt.[17] The afore-

Fig. 2. In situ imaging during LIMS measurements. The bright spot below 
the mass analyser aperture corresponds to the focused laser beam.

Fig. 3. Optical microscopy image of a sample cavity containing adenine 
(1 mM concentration, in solution). Adapted from Boeren et al. ref. [19].
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3.2 Polycyclic Aromatic Hydrocarbons (PAHs)
So far, the measurement protocol has allowed the detection of 

Polycyclic Aromatic Hydrocarbons (PAHs),[22] which are repre-
sentative of more complex molecules, lipids,[18] and more recent-
ly, nucleobases,[19] the latter two being linked to life as we know 
it. PAHs do not have the same importance for life as amino acids 
or lipids, as they are abundant in the Interstellar Medium (ISM), 
however they could be precursor molecules important for life, see 
discussion in Kipfer et al. and references therein or Ehrenfreund 
et al.[22,24] In Fig. 6 the successful detection of four different PAHs 
(anthracene (C

14
H

10
), pyrene (C

16
H

10
), perylene (C

20
H

12
), and cor-

onene (C
24

H
12

), 100 µM in solution (100 pmol / g ice, or 14 pmol 
mm–2), measured at 4 µJ laser pulse energy) using ORIGIN and 
the identical measurement protocol as for amino acids is shown. 
In contrast to amino acids, the parent (for anthracene, perylene, 
and coronene) or protonated (pyrene) mass spectrometric peaks 
were detected directly, allowing their easy identification. Of the 
five PAHs analysed, coronene had the clearest mass spectrum by 
means of fragmentation. The robust aromatic ring structures of 
PAHs and the improved coupling with UV wavelengths clearly 
enhance the laser desorption process. For the investigated PAHs, 
limits of detection (3 sigma) of only a few tens of fmol mm–2 were 
observed, and, similar to amino acids, the abundance can be de-
rived from the detected peak signals (see Figs. 7 and 8, respective-
ly, in Kipfer et al.). 

3.3 Lipids
In Boeren et al.[18] six different lipids were studied in detail, 

including cholecalciferol, phyllo-quinone, menadione, 17α-ethy-
nylestradiol, α-tocopherol, and retinol. In Fig. 7 the mass spectra 
of α-tocopherol (430.71 g mol−1), phylloquinone (450.70 g mol−1), 
and 17α-ethynylestradiol (296.40 g mol−1) are shown (taken and 
adapted from Boeren et al.).[18] The molecules shown had a con-
centration of 400 µM (400 pmol / g ice, or 56 pmol mm–2), which 
allowed a better understanding of their detectability with ORI-
GIN. Similar to the PAH study, each lipid investigated showed its 
own unique fragmentation pattern with its parent peak and a few 
minor fragment peaks. While for 17α-ethynylestradiol and α-to-
copherol the parent peak is the most abundant signal in the record-
ed spectrum (see Fig. 7), a much lower intensity was observed for 

Fig. 6. The PAHs anthracene, pyrene, perylene and coronene (100 µM, 
in solution) were successfully detected and identified using the same 
measurement protocol as for the amino acids. Image adapted from 
Kipfer et al. ref. [22].

For space exploration missions, an instrument is typically de-
signed to detect and identify only one class of molecules, for ex-
ample amino acids. This minimises the complexity of the instru-
ment and the associated risks in manufacturing and operation, as 
well as the costs overall. The disadvantage of this approach is that 
it is pre-selective, i.e. other molecule classes may not be detected. 
This is particularly true when using the current gold standard in 
organic analytics, the GC-MS instrumentation, where the selected 
column defines which class of molecules can be detected in situ 
on the planetary object. Therefore, and after exploring the detec-
tion of amino acids in more detail, e.g. using network analysis to 
separate matrix and signal from molecules,[23] it was logical for 
our team to explore how the measurement protocol developed for 
amino acids could be applied to different and more complex or-
ganic molecules.

Fig. 5. Correlation between amino acid concentration and recorded 
fragment intensity of the amino acid histidine. Here, one of the major 
fragments of His with mass m/z of 110 was used for the correlation. 
Image taken and adapted from Ligterink et al. ref. [17].

Fig. 4. Top: measured mass spectrometric pattern of aspartic acid (Asp), 
drop cast with a concentration in solution of 100 µM. Bottom: simulated 
spectra of Asp.
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phylloquinone, having the most intense peak at [M-2]+. Concen-
tration scans conducted in the range of 7 fmol mm–2 to 28 pmol 
mm–2 on the three presented lipids, allowed the derivation of the 
theoretical limit of detection (at the 3 sigma level, LOD

3σ
). The

LOD
3σ

 values for α-tocopherol, phylloquinone, and 17α-ethy-
nylestradiol of 34 fmol mm–2, 85 fmol mm–2, and 0.2 fmol mm–2, 
respectively, were derived from this campaign (< 100 fmol mm–2, 
710 fmol / g ice). In Boeren et al. we also demonstrated the relia-
ble detection and identification of mixtures of the three classes of 
organic molecules studied so far, namely amino acids, PAHs, and 
lipids (see Fig. 4 in said publication),[18] which represents a real 
milestone in the application of this detection technology.

3.3 Nucleobases
More recently, the identical measurement protocol was used 

for the successful detection and identification of nucleobases with 
ORIGIN, investigating single nucleobases and mixtures of several 
nucleobases, at various concentrations.[19] In Fig. 8, laser desorp-
tion mass spectra of adenine (135.1 g mol–1), guanine (151.1 g 
mol–1), uracil (112.1 g mol–1), thymine (126.1 g mol–1), cytosine 
(111.1 g mol–1), and 5-methylcytosine hydrochloride (161.6 g  
mol–1) are shown. Minimal fragmentation can be observed and in 
almost all cases the parent or protonated parent peak was detected. 
The more stable aromatic ring structure of the studied compounds, 
in comparison to a typical amino acid, is one reason why a lim-
ited fragmentation is observed. Interestingly, significantly more 
signal, thus better ionisation was observed for 5-methylcytosine 
than for cytosine, despite the difference of only one methyl group. 

Fig. 7. Laser desorption mass spectra of α-tocopherol, phylloquinone, 
and 17α-ethynylestradiol standards are shown. The standards examined 
had a concentration of 400 µM. Image taken and adapted from Boeren 
et al. ref. [18].

This study also showed that increasing the number of sample sur-
face positions from a nominal 40 to several hundred increases the 
detection sensitivity of the instrument by a decade (see Fig. 4 in 
the same publication). For example, an LOD

3σ
 of 50 fmol mm–2

(~ 350 fmol / g ice) was derived for adenine, which is well in line 
with the mission requirements for ExoMars with the detection of 
≤ 1 nmol with signal-to-noise ratio (SNR) ≥ 10[25] corresponding 
to 141 fmol mm–2, or the Europa Lander mission study with 1 
pmol / g ice corresponding to 141 fmol mm–2.[12] Also of note is 
the clean background compared to previous studies. The introduc-
tion of argon sputtering of the sample holder prior to drop casting 
of the analyte significantly reduced the carry-over from previous 
studies, allowing improved detection and a better understanding 
of the signatures of the molecules studied.[19] Note, argon ion sput-
tering cannot and will be not applied during a space mission; it 
allows the re-use of sample holders during laboratory tests. 

3.4 Matrix Effects and Identification Strategies
Laser desorption measurements have been conducted so far on 

organic compounds mixed with NaCl,[17] and on KCl,[17] (NH
4
)-

2
SO

4
, MgSO

4
, and CaCO

3
.[26] Typically, only the cation of each 

matrix (e.g. Na+) was detected as the system is operated in the 
positive ion mode. These mass lines typically do not interfere 
with the mass lines for organic compound identification. A slight 
interference with Ca+ is observed with the pattern of the amino 
acid alanine (compare Fig. 1 in Ligterink et al.[17] with Fig. 4 in 
Ligterink et al.[26]). In the presence of NaCl slightly higher pulse 
energies were required to reliably detect the amino acids. The salt 
crust might reduce the desorption and ionization efficiency of the 
amino acids present in the salt/organics mixture.[17]

For the identification of molecular structures that interfere 
with each other, an increase in pulse energy might provide further 
insights into the compounds present. The increased pulse energy 
results in increased fragmentation, whereas the energy thresholds 
at which this occurs, are compound specific. As a consequence, 
the newly generated fragments might allow a better insight into 
the molecules present.   

4. Future Applications
The measurement protocol using ORIGIN is currently based

on the availability of an organic residue film on a preferably con-
ductive surface, to support the laser desorption ionisation pro-
cess. Extraction of organics from soil or mineral matrices using 
laser ablation conditions (elevated laser irradiances at the level of 
GW/cm2 or higher) would severely fragment the organic struc-
tures and consequently limit their detection. Therefore, for the 
application of the current measurement protocol, we are either 
dependent on a solvent-based organic extraction unit or the or-
ganics are in a liquid phase, such as ice or droplets, which can 
be collected. After receiving or collecting the material, the liquid 
phase may evaporate through the application of heat and/or vac-
uum conditions, leaving a residual film of organics. Due to the 
versatile measurement capabilities and high detection sensitivity 
of our space prototype mass spectrometer for the detection of 
organics, several international partners have expressed interest 
in using the instrument on future space exploration missions tar-
geting different objects in the Solar System, including missions 
to Venus and Mars. 

We are actively participating in the Morning Star Mission pro-
gram, which aims to find signatures of life in the Venusian atmos-
phere.[27–29] The presence of life in the atmosphere, which might 
act as a life-supporting habitat, could explain some observations 
that cannot be explained otherwise. The middle and lower cloud 
deck, at about 50 to 60 km above the surface, has milder temper-
ature conditions of about 60°C and about 1 bar of pressure com-
pared to the harsh environment at the surface (hundreds of Celsius 
and tens of bars).[28] The current mission scenario foresees using 
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5. Conclusions
The detection and identification of signatures of life, past or

present, on a planetary body is one of the major goals of current 
space research and planetary exploration. A conclusive detection 
of signatures of life would have a tremendous impact on science 
and the general public, as we would know for the first time that life 
is not unique to Earth. In this contribution, we have demonstrat-
ed the current measurement capabilities of our space prototype 
mass spectrometry system ORIGIN – a laser-based ionisation 
mass spectrometer operated in the desorption mode. The system 
has recently been developed for the detection and identification 
of organics related to life. To date, the gentle desorption with-
out matrix application allows the identification of amino acids, 
PAHs, lipids, and nucleobases using the same measurement pro-
tocol. The measurement methodology is based on the spot-wise 
chemical analysis of a residual organic film and the acquisition 
of mass spectra for each laser shot applied. Through molecule 
specific fragments or the detection of the parent peak, reliable 
identification of the organic species is possible, even within a 
mixture. The current measurement versatility, together with the 
high detection sensitivity, allows the payload requirements to be 
met, for example for a landed mission on Europa or Enceladus. 
The system can therefore be of real added value for future space 
exploration missions dedicated to the detection of life.
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a flight version of ORIGIN, where droplets will be collected in 
the wet atmosphere using a sampling system to be designed. Sub-
sequently, the media in which the organics are expected, mainly 
sulfuric acid, will be removed by thermal heating and application 
of vacuum conditions (vacuum desiccation). The remaining film 
with possible organic material will then be analysed by ORIGIN 
using the measurement protocol described above.  

Because of its history, Mars is one of the most promising can-
didates in our Solar System that still might host life or contains 
signatures of past life in the Martian subsurface. Together with 
colleagues from NASA Ames Research Center, we are working 
on the Abzu lander mission to Mars, that focuses on the detec-
tion of lipid signatures. NASA Ames has developed and fur-
ther validated an extraction unit, named Extractor for Chemical 
Analysis of Lipid Biomarkers in Regolith (ExCALiBR).[30–31] 
ExCALiBR accepts soil material and by solvent extraction pro-
vides a concentrated lipid extract. In Abzu,[30] both ExCALiBR 
and ORIGIN are integrated into a sample carousel containing a 
number of sample cavities. The extract from ExCALiBR is drop 
cast onto a sample cavity within the sample carousel, which is 
then evacuated to rough vacuum conditions. The rough vacuum 
conditions allow the used solvents to be removed, and turning 
the sample cavity towards ORIGIN allows the extract to be an-
alysed.

The icy moons Europa and Enceladus, moons of Jupiter 
and Saturn respectively, are other promising candidates in our 
Solar System[32] where ORIGIN could find its application. The 
current scientific community strongly believes that the liquid 
oceans represent habitats where life could have flourished and 
been sustained. Through cracks in the ice sheets, existing life 
or its signatures can escape from the oceans[33] and form de-
posits on the ice crust, which can be studied much more easily 
with a landed mission than directly in the ocean. The Europa 
Lander Study Report[12] and the Enceladus Orbilander Mission 
Concept[13] outline the mission objectives and for example, the 
required detection sensitivity of future payloads for the detection 
of organics. The current measurement capabilities of ORIGIN 
meet several mission requirements, such as detection limits or 
the detection of different molecule classes or molecules of such 
a class.[12,17]

Fig. 8. Laser desorption 
mass spectra of adenine 
(A), guanine (G), uracil (U), 
thymine (T), cytosine (C), and 
5-methylcytosine (mC) using
ORIGIN. Concentrations: 5 pmol
mm-2 for A, 14 pmol mm-2 for G,
C, and mC, 707 pmol mm-2 for U,
and 141 pmol mm-2 for T. Image
adapted from Boeren et al. ref.
[19].
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2 Prototyping the CLPS-LIMS concepts

2.4.2 Additive Manufacturing in Space Research

During the CLPS-LIMS project substantial knowledge in additive manufacturing was
gained, as lots of instrument and subsystem models, as well as miscellaneous laboratory
tools were produced using 3D printing.

This cumulated in the idea of manufacturing parts of the LMS instrument’s ion-optical
system with the help of fused filament fabrication (Singh et al. 2020). The availability of
electrically conductive and isolating filaments made it possible to produce the complete
reflectron of the ion-optical design without the need for conventionally machined parts.

The following publication describes the production process and subsequent tests of the
new reflectron, proving it being ion-optically equivalent to the conventionally produced
one.

The described technique holds the potential to rapidly prototype new ion-optical designs,
allowing for fast-iteration laboratory tests of those.
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Additive manufacturing in space research: hybrid
mass analyser for laser ablation ionisation mass
spectrometry

Andreas Riedo, *ab Peter Keresztes Schmidt, a Nikita J. Boeren, ab

Salome Gruchola, a Luca N. Knecht, a Marek Tulej a and Peter Wurz ab

Additive manufacturing has found its way into many industrial and academic areas. In this contribution, we

present an additively manufactured reflectron, integrated in a space-prototype mass analyser used in laser

ablation ionisation mass spectrometry. Fused deposition modelling technology was applied to produce the

reflectron's ion optical system. For the insulating parts, polylactic acid filament was used as printingmaterial,

while the conductive ion optical parts were printed using polylactic acid impregnated with carbon.

Measurements were conducted on a stainless steel sample (AISI 316 L, 1.4435) and NIST SRM 661 sample

to validate the performance of the reflectron. We found that this system performed nominally in terms of

mass resolution and detection sensitivity. This demonstrates the suitability of 3D printing for rapid

prototyping in laboratory environments. The latter is of considerable importance for future space

exploration missions, as the methodology allows testing of new designs time efficiently and at reduced

costs.

Introduction

With the availability of affordable 3D printers offering excellent
print quality, additive manufacturing is increasingly being used
in industrial and academic activities.1–4 In recent years, the
technology has also been applied in analytical chemistry, e.g.,
supporting daily laboratory work (e.g., tools for sample prepa-
ration or mechanical structures used in measurement setups)
and is now increasingly utilised in mass spectrometry and
spectroscopy. To give just a few examples, additive
manufacturing has been successfully applied to separation
technologies,5 ion guides for Electro Spray Ionisation (ESI)
sources to improve ion transport to the mass analyser,6,7

microuid8,9 and microreactor10 systems, ion sources and Thin
Layer Chromatography (TLC) chips,9 an electron impact gas
ioniser for compact mass spectrometry,11 ceramic cylindrical
ion trap mass analyser chips,12 and the backbone of a ceramic
quadrupole mass spectrometer.13 Additive manufacturing has
also been used to print specic reference materials, such as Pt
group element reference materials.14 For reviews on additive
manufacturing in mass spectrometric applications and tech-
nologies in general, and as well as on different additive
manufacturing technologies, we refer readers to the listed
publications.1,2,4,9

Typically, a space-prototype system used in a laboratory
environment requires signicant technical adaptation before it
can be deployed on a space exploration mission. For example,
the high mechanical loads during rocket launch would damage
such a system, which must be avoided at all costs. These
adaptations can include changes to the spacings between or
geometries of the electrodes in the mass analyser's ion optical
system, which can affect the instrument's performance. Until
now, adapted designs have been produced conventionally, for
example using 5-axis CNC machining, and tested with the
existing laboratory hardware to identify any problems with the
new design before nal production of a ight system. This
process is time consuming and dependent on the availability of
many resources. To overcome this limitation during design
testing, we explored additive manufacturing as a rapid proto-
typing and risk reducing approach in space research using
a design of one of our space prototype mass analysers.

In this contribution, we demonstrate for the rst time, to the
best of our current knowledge, a fully additively manufactured
ionmirror consisting of an entrance window integrated with the
remaining and conventionally manufactured space-prototype
mass analyser (hereaer referred to as the hybrid mass analy-
ser). The ion-optical design represents the core of our Laser
Ablation Ionisation Mass Spectrometric (LIMS) system, which is
currently being ight-qualied for its deployment on the lunar
surface through NASA's Artemis programme.15–17 LIMS
measurements using the hybrid mass analyser demonstrate the
suitability of additive manufacturing in this area of space
science and mass spectrometry. This is highly relevant to our
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eld, as design verication can be carried out more efficiently
prior to nal ight system production. Moreover, new ion
optical designs, which so far have not been tested in the labo-
ratory environment, can be produced cheaper, faster, and more
independently, which as a result opens new perspectives in this
eld.

Experimental
Sample material

For the validation of the mass spectrometric performance
a stainless steel sample (AISI 316L, 1.4435) and the NIST SRM
661 reference material were used. The NIST SRM 661 sample
was xed with UHV compatible copper tape on the sample
holder. Measurements on stainless steel were conducted on the
sample holder directly, as it is manufactured of said material.
The used stainless steel alloy is a standardised material and
minimum and maximum values for element abundances are
given (all wt%): C (max. 0.03%), N (max. 0.10%), Si (max 1.0%),
P (max. 0.045%), S (max. 0.03%), Cr (17.0–19.0%), Mn (max.
2.0%), Ni (12.5–15.0%), and Mo (2.5–3.0%). The chemical
composition of NIST SRM 661 is certied and the respective
abundances can be found in the corresponding certicate of
analysis.

LIMS instrument

Laser Ablation Ionisation Mass Spectrometric (LIMS) measure-
ments were conducted using the ORganics Information Gath-
ering INstrument (ORIGIN) instrument setup, which is
originally designed for the detection of organic molecules.
ORIGIN is described in detail in recent publications.18,19

Therefore, only a brief description is given here. The setup
consists of a miniature reectron-type time-of-ight mass ana-
lyser and a pulsed nanosecond laser system (l= 532 nm, s= 1.3
ns, laser pulse repetition rate of 100 Hz, laser pulse energy of up
to about 40 mJ per pulse) used as laser ablation ion source. The
latter is different to the nominal ORIGIN setup where we typi-
cally operate a UV (l = 266 nm) nanosecond laser system for
molecular studies. The mass analyser integrated in ORIGIN is
based on a design developed earlier, for the elemental and
isotope analysis of solids.20,21 We are currently in the design and
manufacturing process of a ight LIMS system consisting of the
mass analyser design used in this study. Note, that for the ight
system only space proven materials and manufacturing
processes will be used. The LIMS instrument shall be deployed
through a Commercial Lunar Payload Service (CLPS) mission
within NASA's Artemis program for the chemical analysis of
lunar regolith at locations near the lunar south pole.16,17 In said
CLPS mission, we will y a ight version of the microchip laser
system used in this study here. The commercially available
microchip laser system used in this study is shown in panel A in
Keresztes Schmidt et al., 2022.15 In this study here, we inte-
grated the same optical tower as shown in Keresztes Schmidt
et al., 2022 (ref. 15) on the vacuum chamber, in which the mass
analyser is located. The optical tower consists of a beam
attenuator and a single lens focusing system. The laser pulses

are guided towards the entrance window of the vacuum
chamber, through the ion optical system of the mass analyser,
onto the sample surface. A laser focus diameter of about 20 mm
is obtained. Once the positively charged species are generated
through the ablation and ionisation process, they are acceler-
ated and conned into the interior of the mass analyser and are
reected at the reectron towards the detector system of
ORIGIN.22 Positively charged species arrive in time sequence at
the detector system, according to their mass-to-charge ratio
(TOF measurement principle). A high-speed read-out-electronic
system is used to record the signal generated by the detector
system, and in-house written soware is used for data
analysis.23

The reectron investigated in this study here consists of ve
equidistant electrode rings. On top of the reectron, an active
electrode (referred to as backplane) is integrated containing the
entrance window of the mass analyser (not to be confused with
the entrance window of the vacuum chamber), through which
the laser beam is guided. The reectron is integrated above the
dri tube of the mass analyser. In Riedo et al., 2013 (ref. 21)
a typical set of voltages applied to the ion optical system,
including the reectron, is provided.

Additively manufactured reectron

For the additive manufacturing process of the reectron, we
applied the Fused Deposition Modelling (FDM) technology.
This technology is one of the most common processes for
printing of 3D components. For a full description of the process
and other printing technologies, we refer to e.g., Agrawaal et al.,
2021,1 Grajewski et al., 2021.4 In short, the printing lament is
heated up sufficiently (material dependent temperature) and
pressed through a printing head (extruder) towards the printing
bed. The structure is subsequently printed layer by layer
according to the need of the user (e.g., speed, layer thickness,
quality, etc.).

For this study, a Sidewinder X1 (Artillery 3D Technology Co.,
Ltd.) was used for the manufacturing of the reectron parts.
This model allows to print structures with a maximal precision
of 50 mm and 100 mm in lateral and vertical directions, respec-
tively. The extruder was equipped with a 0.4 mm nozzle. For the
insulating parts (spacers between ion optical elements, insu-
lating tubes, top part of entrance window assembly), normal
PLA material (Purel PLA lament, 1.75 mm core diameter,
Fabru GmbH, Switzerland) was used, which showed an electric
resistance at the level of MU (simple 2-point measurements).
Note, screws that go through the insulating parts and ion
optical components are used for the integration of the reec-
tron; they are insulated with the insulating tubes. For active ion
optical elements (electrode rings, bottom part of entrance
window assembly), conductive PLA material (Protopasta
Conductive PLA, Protoplant, Inc., Canada) was used. This
material is impregnated with carbon and has an electric resis-
tance at the level of few kU per 10 cm of lament (2-point
measurements). This is sufficiently low for the operation of our
ion optical elements, as they are oated at high voltage and are
not power consumers. CAD drawings (STEP les) of each part of
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the reectron were imported to the slicer soware (PrusaSlicer,
Prusa Research a.s., Czech Republic), providing the controlling
G-code for the 3D printer. In Table 1, detailed information on
the printed parts is listed. For simplicity, normal metallic pins
for the electrical contacts are screwed to the ion optical
components of the reectron, to which vacuum compatible
cables are subsequently attached. In a more advanced design,
even the electrical connections can be realised by the 3D
printing process. The additive manufactured reectron is
shown in Fig. 1.

Similar to CNC machined parts, all manufactured structures
were inspected in view of conformity (no PLA whiskers/strings,
no overow of PLA, etc.) prior to assembly. Aer assembly of the
additively manufactured reectron and before integration into
the conventional manufactured body of the mass analyser, the
reectron was placed in the ORIGIN vacuum chamber under
UHV conditions, to facilitate outgassing. Note, this process is
applied as well to conventionally produced parts, allowing
a more efficient evacuation of a vacuum chamber prior to
instrument operation. Aer outgassing, which was complete in
less than 48 h, the conventional manufactured reectron was
replaced by the additively manufactured one, followed by the
integration of the assembled mass analyser into the vacuum
chamber of the ORIGIN setup. In Fig. 2, the conventional and
hybrid versions of the mass analyser are shown. Reaching the
operational vacuum conditions (mid-10−7 mbar level) the volt-
ages for the operation of the reectron were carefully ramped up
to the nominal values used in the past before conducting the
rst LIMS measurements.

Measurements

Proof-of-concept measurements were conducted on the stain-
less steel sample. For initial tests, laser pulse energies at the
level of about 0.50 mJ (∼120 MW cm−2) were tested on the steel
substrate and several thousands of TOF spectra were recorded.
For these measurements and to avoid possible damages during
operation, the LIMS system was not pushed to its limits, e.g., the
voltages applied at the detector system were at the lower end.

For the quantication of the measurement performance
(mass resolution and detection sensitivity) of the hybrid mass
analyser, a pulse energy scan was conducted on NIST SRM 661.
Laser pulse energies ranging from about (0.42–0.58) mJ ((103–
142) MW cm−2, values at the surface) were tested, correspond-
ing to pulse energies just at the ablation threshold of sample
material and to conditions where space charge effects impact

the measurement capabilities of the mass analyser. The major
space charge effects are charging of the surface and coulombic
repulsion effects in the plasma plume. For the lower pulse
energies applied ((0.42–0.52) mJ) up to 20 000 mass spectra were
recorded for each pulse energy. For the two highest pulse
energies tested (0.55 mJ and 0.58 mJ) up to 30 000 mass spectra
were recorded. For comparison of the performance of the
hybrid mass analyser (detection sensitivity and mass resolu-
tion), measurements at comparable instrument conditions were
conducted on NIST SRM 661 using the conventional mass
analyser.

Results and discussion

In Fig. 3 and 4, the proof-of-concept measurements (Fig. 3) and
measurements conducted on NIST SRM 661 (Fig. 4) using the
additively manufactured reectron are shown. Firing the laser
on the stainless steel sample directly resulted in well resolved
mass spectra at high sensitivity. This was not expected, as
typically the ion optical settings need to be slightly adjusted
when new hardware is installed at the mass analyser, which was
not the case here.

In Fig. 3, a histogrammed mass spectrum of the stainless
steel sample is shown. The spectrum consists of 1100 single
laser shot mass spectra and was recorded at a laser pulse energy
of (0.43± 0.02) mJ. In this spectrum, we do see all expected mass
peaks (metallic elements), even 63Cu just above the noise oor
(see inset in the panel). Note, Cu does not belong to the certied

Table 1 Additive manufactured parts with their corresponding printing parameters

Part First layer [mm] Other layers [mm] Nozzle temp. [°C] Bed temp. [°C]

Electrode rings 0.2 0.15 230 50
Insulating spacers 0.25 0.15 200 60
Insulating tube 0.2 0.2 200 60
Bottom side, entrance
window

0.25 0.15 230 50

Top side, entrance window 0.2 0.2 200 60

Fig. 1 Additively manufactured reflectron of the mass analyser used in
LIMS.

This journal is © The Royal Society of Chemistry 2025 J. Anal. At. Spectrom.

Technical Note JAAS



list of elements of this stainless steel but abundances of up to
1wt% are accepted according to EN 10088-1. Elements with
a high rst ionisation potential, such as C or S, are not observed
in this proof-of-concept measurement. This observation can be
attributed to the applied laser wavelength of l = 532 nm (see
e.g., discussion in Riedo et al., 2013 (ref. 24)).

In Fig. 4 two histogrammed (20 000 single laser shot spectra)
mass spectrum of NIST SRM 661 are shown. The mass spectrum
in the upper panel was recorded using the hybrid mass analyser
while the mass spectrum in the lower panel (intensities inver-
ted) was measured using the conventional mass analyser. Both
spectra were recorded at comparable laser irradiances at the
level of about 110 to 120 MW cm−2. Note, at higher laser irra-
diances peak broadening due to space charge effects is
observed. Moreover, higher laser irradiances lead to higher
peak intensities, which at some point affect the peak-to-peak
baseline separation. Latter effect can be observed for 56Fe (Fe
being the main constituent of SRM 661), affecting the 57Fe peak.

By comparing both spectra with each other, a high spectral
similarity is apparent. For example, no signicant difference in
term of mass resolution can be observed; the mass resolution
m/Dm of 48Ti is slightly above 400, which is in line with previous
studies (see e.g., Riedo et al., 2013 (ref. 21)). Further, the
detection sensitivity is not affected by the additively manufac-
tured reectron. For example, 46Ti, which has a certied atomic
fraction of 16.5 ppm, is well above the noise oor in both
spectra (e.g., a signal-to-noise ratio of about 100 for the mass
spectrum in the upper panel). The quality of the mass spectrum
shown here, together with the detection sensitivity quantiable
with NIST SRM 661 (see Fig. 4), is only possible because the
additive manufactured reectron performs as a full-edged ion
optical element perfectly integrating with the ion optics of the
remaining mass analyser. Therefore, the printing and integra-
tion of the additive manufactured reectron can be concluded
as successful and qualies the additive manufacturing with the
applied FDM technique for mass spectrometric prototyping in
this eld.

As with conventional CNC machining of ion optical
components for high performance mass spectrometric systems,
parameters such as surface quality (e.g., planarity and surface
roughness), sharp edges, materials used, manufacturable
geometries, etc. that affect electric elds, need to be investigated
in detail in future studies using additive manufacturing.

Fig. 2 The conventional mass analyser (left) and the hybrid mass
analyser with the additively manufactured reflectron in black (right).
The mass analyser is integrated into an adapter PEEK plate, which is
connected to the top flange of the vacuum chamber.

Fig. 3 Mass spectrum of stainless steel (AISI 316L, 1.4435) recorded
with the mass analyser equipped with the additively manufactured
reflectron.

Fig. 4 Mass spectrum of NIST SRM 661 recorded with the hybrid mass
analyser (upper panel) and conventional mass analyser (lower panel,
inverted). Similar measurement performance, such as mass resolution
and detection sensitivity, is observed.
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Imperfections in such components could, for example, lead to
discharges between ion optical components and thus cause
serious damage to mass spectrometric systems. The additive
manufactured reectron presented in this study may not be the
most complicated ion optical system, but it is a rst and
important step towards the validation and application of more
sophisticated ion optical parts for high performance mass
spectrometric systems.

Implications for space applications

Once a proposed mass spectrometric system is selected for
a space exploration mission, only a laboratory prototype system
is typically available. To make this system ight ready, many
engineering steps need to be mastered, ranging from material
selection, making the system light and robust, to coatings on
the structures to make the system inert against the harsh
environmental conditions in space. As a consequence, many
tests need to be successfully concluded at sub-unit level before
the complete system will be manufactured, assembled, and
tested. Unfortunately, this requires many production steps as
well, which impact the required testing activities. From mass
spectrometry point of view, distances and shapes of ion optical
components of the laboratory prototype-system need to be
adapted to make the mass spectrometer ight ready. To mini-
mise the technical risks associated with the implemented
changes on the mass spectrometric unit, additive
manufacturing could be integrated in the manufacturing and
testing phases prior to nal ight hardware production using
ight proven materials and machining. In case the design is not
working as expected, the part can be adapted and printed
without human interaction using additive manufacturing. The
part can be then integrated and veried once the setup is ready
for follow-up test activities. This allows for rapid iterations in
the development process, optimising the available time for the
project.

Conclusions

Space research instrumentation has to survive high mechanical
and thermal stresses during their application in space. Conse-
quently, many sub-unit tests must be successfully concluded
before integration and testing of a full payload. This also holds
for mass spectrometric instrumentation, which measure the
chemical composition of e.g., solids on the Martian surface. To
make a mass spectrometric system ight-ready starting from
a laboratory system design, almost every part of the instrument
needs to be adapted, potentially affecting the measurement
performance of the system. In this study, the reectron of
a space-prototype LIMS mass analyser design was additively
manufactured using FDM technology. Laser ablation studies
were conducted on stainless steel and NIST SRM 661 samples.
The measurements conducted show that mass spectral quality
was not affected by the integration of the additively manufac-
tured reectron. This represents a true success, as this opens
doors for follow-up strategies in mass spectrometry in space
science and in general, including rapid prototyping in the

laboratory environment and development of ion optical designs
that might be too complicated to manufacture using conven-
tional CNC machining.
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Additively manufactured (scale 1:1) Spectrometer Unit (SMU, left panel) and Electronics
Unit (ELU, right panel) of the CLPS-LIMS instrument, as presented during the Prelimi-
nary Design Review (PDR) in May 2024 to NASA.

3 From the Laboratory to the Moon: The
CLPS-LIMS Instrument

Based on concepts that were explored during the prototyping phase of the CLPS-LIMS
project and the requirements formulated by NASA’s CLPS mission concept, a flight
ready version of the laboratory LIMS instrument has been created. This chapter outlines
the challenges that had to be overcome in the design and development process of the
CLPS-LIMS instrument and how the laboratory LIMS instrument evolved to become a
spaceflight design.

Diven by the scientific objectives as outlined in the introduction of this thesis, the CLPS-
LIMS instrument was designed for the analysis of lunar regolith grains up to a diameter
of1mm. It measures the element and isotope composition of those grains by means of
Laser Ablation Ionisation Mass Spectrometry (LIMS). This information will lead to a
better understanding of the geochemical environment of the investigated landing site.

The CLPS-LIMS instrument is developed in an agile manner. Hence, its design was
subject to multiple design iterations, ensuring compliance to all requirement changes the
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3 From the Laboratory to the Moon: The CLPS-LIMS Instrument

instrument was subjected to during the project’s initial phase. Nonetheless, the high-level
concept of operations remained the same:

1. Sample loading

For the CLPS-LIMS instrument to perform chemical analysis, the to be analysed
material must be loaded into the instrument. Regolith sample material is trans-
ported from the lunar surface to a sample inlet provided by the instrument. It is
processed according to the needs of the subsequent LIMS analysis.

2. Chemical composition analysis of the sample

The loaded sample material is presented to the analysis system of the instrument.
A pulsed, focussed laser beam is directed onto the sample surface, where sample
material is ablated and ionised. The mass analyser performs separation according
to the mass-to-charge ratio of the ionised species, and the detector system registers
the signal.

3. Sample discharge

The remnant sample material is removed from the analysis section of the instrument
and discharged to the lunar surface. A new sample analysis cycle can be triggered.

Based on these fundamental concepts and the scientific goals, an instrument design was
developed, which is presented in the following sections. Since testing of several Elegant
Breadboards (EBB) of the instrument’s Electronics Unit (ELU) is an integral part of
this thesis, a more detailed description of the design requirements for those units is given
in the last section of this chapter.
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3.1 In-Situ Lunar Regolith Analysis by LIMS

The following publication describes the concepts by which in-situ analysis of lunar regolith
by LIMS can be performed. The discussed instrument design is at the core of further
iterations through which it has been refined and adapted to changing programmatic
constraints of the CLPS program me.

At the time this publication was written, the design baseline foresaw that the CLPS-LIMS
instrument is fully responsible for the sample collection from the lunar surface and the
transport of said sample to the instrument. Thus, a sample introduction system based
on the electrostatic collection of lunar regolith particles has been studied and tested by
using a breadboard system to demonstrate its feasibility and efficiency in dust collection.

The publication summarises the general concepts by which in-situ chemical analysis
of lunar regolith using LIMS can be performed and presents an instrument design
implementing the concepts. A sample introduction system based on an electrically-biased
conveyor belt was prototyped, suitable for collecting regolith grains from the lunar surface
and transporting them for analysis to the instrument.

I contributed the described performance analysis of the laser system, as well as the
results of the presented successful end-to-end test. It shows that the chemical analysis of
lunar regolith simulant by LIMS is possible, and mass spectra can be recorded with the
prototype system.

© 2023 IEEE. Reprinted, with permission, from P. Wurz et al., ”In Situ Lunar Regolith
Analysis by Laser-Based Mass Spectrometry”, 2023 IEEE Aerospace Conference, Big
Sky, MT, USA, 2023, pp. 1-10, doi: 10.1109/AERO55745.2023.10115714.
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Abstract—We are developing laser-based mass spectrometry 
(LIMS) for the in situ investigation of the chemical and 
mineralogical composition of the lunar regolith. The current 
development of our LIMS instrument is for an application on a 
robotic mission within the Artemis CLPS program of NASA. 
The CLPS lander will be placed in the south polar region. The 
LIMS system consists of a time-of-flight mass analyzer (TOF-
MS), a laser system (LSS) providing nano-second laser pulses 
focused to µm spots on the sample surface, electronics (ELU) for 
operating the LIMS system, and a sample handling system 
(SHS). The TOF-MS, LSS, and ELU are according to our 
established design presented earlier. The SHS is specially 
designed for the CLPS lander to collect regolith grains from the 
lunar surface in the vicinity of the lander. The SHS design 
foresees rotating steel brushes that free regolith grains from the 
surface into ballistic trajectories. A conveyor belt collects these 
grains, which is electrically biased to improve its collection 
efficiency. Adjusting the speed of the brushes and the voltage on 
the conveyor belt allow to optimize the collection efficiency of 
the grains. The conveyor belt transports the grains to the 
entrance of the mass analyzer where grain by grain analysis will 
be performed.  

The main scientific objective for the LIMS instrument is the 
geochemical analysis of the lunar regolith, by the analysis of 
individual regolith grains and assessing their mineralogical 
diversity. In addition, this investigation will also address 
technical aspects of sampling a planetary surface at or near a 
landed spacecraft, i.e., the effect the plume of the retrorockets 
has on the regolith underneath the lander. Of particular interest 

is the chemical contamination of the surface by the spent fuel, 
and the amount of removal grains by the gas drag.  
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1. INTRODUCTION 
We are developing laser-based mass spectrometry (LIMS) 
for the investigation of the chemical, element, isotope, and 
mineralogical composition of the lunar regolith to be 
performed in situ on a landed robotic platform. Regolith is a 
mixture of grains with a typical size distribution of 30 – 
250 µm, with an average size of 60 µm, and grains larger than 
1 cm constituting about 1% [1, 2]. Moreover, regolith is a 
mixture of grains from different geographic origin, from near 
and far of the sampling site, resulting from the constant bom-
bardment of the lunar surface with micro-meteorites and 
larger bolides. Therefore, the set of analyzed regolith grains 
will be of different geographic origin, from near and far of 
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the sampling site, and provide information on the 
contribution of different geological units to the investigated 
location, along with chemical and mineralogical mixing 
between different terranes and different crustal depths. The 
depth of the lunar regolith layer is between several meters to 
tens of meters [1, 2], depending on location on the Moon.  

During landing, the exhaust of the retrorockets will interact 
with the regolith layer and possibly chemically contaminate 
an area of several times the dimensions of the landing 
spacecraft, see for example the Morpheus lander project of 
NASA [3]. Also, the fast-flowing gas of the rocket exhaust 
during landing will remove some of the regolith at the landing 
site. This removal and the alteration of the regolith is part of 
the investigation performed by this LIMS instrument. A good 
way to study this alteration is to have a drill that allows access 
to the sub-surface to about 1 m to reach unperturbed regolith 
material.   

The LIMS instrument allows for the analysis of many 
individual regolith grains collected from the close vicinity of 
the landed spacecraft. Thereby, the LIMS measurements 
allow for the analysis of grains from different minerals, and 
from different provenances on the lunar surface, as they 
present themselves in the mix of collected regolith grains. 
Impacting meteoroids spread the regolith grains over large 
distances and, more general, distribute the ejecta material 
centro-symmetrically around the impact crater, typically 
within <2.5 crater diameters from the center of the impact [1]. 
Depending on the details of the landing site, potential for a 
very diverse mix of grain origin can be expected.  

The current development of our LIMS instrument is for an 
application on a robotic mission, within the Commercial 
Lunar Payload Services (CLPS) framework, which is part of 
NASA’s Artemis program. The CLPS lander will be placed 
in the south polar region, on the lunar far side. Possible future 
applications of the LIMS instrument are within the manned 
lunar program, so-called Artemis missions, to support the 
field studies of the astronauts (see Figure 1).  

The LIMS measurement provides detailed chemical analysis 
within seconds, detection of trace elements at the ppm level 
and below, isotope abundances with high accuracy, for dating 
rocks. All this is achieved without sample preparation to 
support investigations ranging from pure scientific interest all 
the way to support in situ resource utilization (ISRU) 
activities and related tasks.  

Our LIMS system is compact, features simple and robust 
operation, and is based on current measurement capabilities 
of a real-size prototype system. The instrument can be part of 
the payload of a lander, on a rover, or can be portable for field 
excursions of astronauts, or be part of an instrument suite in 
a laboratory at the lunar base for detailed on site investi-
gations of samples collected in the field (see Figure 1).  

Our miniature LIMS system is suited for studies conducted 
on solid sample materials that are encountered during in situ 
space exploration. That includes e.g., the identification of the 
mineralogy of heterogeneous samples, as well as element and 
isotope studies conducted on lunar and chondritic meteorites, 
which allows studies of in situ radio-isotope geochronology. 

The scientific goal is the chemical analysis of individual 
regolith grains and deriving their mineralogical makeup. By 
analyzing 100 grains (minimal goal) to several 1,000 grains 
(nominal scenario) the chemical and mineralogical makeup 
of the landing site and its surroundings can be explored. 
Because of the grain-by-grain chemical analysis, sorting of 
the different grains by mineral composition, and inferences 
of their origin on the lunar surface is possible during data 
analysis. In addition, because of the laser ablation process 
that allows to drill up to about 50 µm deep below the sample 
surface of a grain, depending on material and laser pulse 
energy [4,5], the chemical investigation of the grains can be 
performed below the space-weathered outer surface of the 
grains [6,7] to derive the true, unaffected mineral 
composition of each grain.  

 
Figure 1: Depending on the task, LIMS instruments may 
be operated in different environments, including instru-
ments operated autonomously on a robotic platform, as 
part of an instrument suite on an outpost in a predefined 
area, in the laboratory section of a habitat, on a mobile 
platform, or directly in situ by the Astronaut as a 
handheld analytical tool. Image adapted and from NASA.  

 
Figure 2: Main block diagram for the CLPS-LIMS and 
Artemis-LIMS systems. 
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While currently little is known about the alteration of the 
regolith during landing, sampling the surface material below 
or near the landing site is often considered for planetary 
landers [e.g., 8], either for in situ investigations or for sample 
return. Because samples can only be collected from areas 
affected by the plume of the retro-rocket engine used for 
landing, the processing of the regolith by the landing 
activities can be studied. The chemicals used in the retro 
rocket are known, and are clearly distinct from the regolith 

composition. Thus, from detailed chemical analysis, the 
amount of chemical contamination and alteration of the 
regolith grains can be derived. Moreover, if a drill is available 
to collect samples below the surface at several depths, the 
range of influence of the contamination can be assessed in 
more detail.  

NASA’s Artemis program will lead humanity forward to the 
Moon and prepare for the manned exploration of Mars [9]. 
Initial investigations delivered by CLPS providers will study 
the lunar surface and available resources near the lunar poles. 
Starting in 2023, NASA will send science instruments and 

technology experiments to the lunar surface several times per 
year on CLPS flights. 

2. INSTRUMENT DESCRIPTION 
The LIMS system consist of three major subsystems: the 
Spectrometer Unit (SMU), the Sample Handling System 
(SHS), and the Electronics Unit (ELU), which are shown in 
Figure 2. The SHS is different for the CLPS instrument and 
the manned Artemis implementation. For the CLPS-LIMS 
instrument a sample introduction system that collects regolith 
particles from the surface is foreseen, which is discussed 
below. For the Artemis-LIMS system rocks or pieces of rock 
collected by the astronauts will be inserted in the instrument 
manually.   

The SMU of the LIMS instrument consists of the actual Mass 
Analyzer (MA) and the Laser Sub System (LSS). An early 
design study of the system is shown in Figure 3, where the 
actual laser (LHB), the laser optics (BEX), and the ion-optical 
system are joined to one unit.  

The ELU houses all the electronics of the LIMS instrument. 
The individual electronics units for CLPS LIMS are the laser 
electronics, the read-out-electronics, the data processing unit, 
the high voltage electronics, the low-voltage electronics, and 
the DC/DC converter. For Artemis-LIMS also a battery 
system and a WiFi communication module are foreseen to 
allow for independent operation of the LIMS instrument by 
the astronauts on their field trips.  

The Laser Ablation/Ionization Mass Spectrometer 

LIMS is designed for the sensitive, chemical analysis of solid 
matter as an analytical instrument on a landed spacecraft 
[10,11]. The LIMS instrument is a reflectron-type time-of-
flight mass spectrometer coupled to a pulsed laser (of 
nanosecond or femtosecond pulse duration) for ablation and 
ionization of sample material for mass spectrometric analysis 
of solid samples (see Figure 4) [12,13,14]. The LIMS 
instrument has a mass resolution up to 900, with an accuracy 
of the mass scale of 500 ppm [15], a mass range from m/z 1 
to ~1,000 [16], a detection limit around 10 ppb depending on 
mass [11], and an instantaneous dynamic range of 8 decades 
[17]. The LIMS instrument allows for quantitative 
composition measurements of solid surfaces of almost all 
elements in laser ablation mode [18,19]. With every laser 
pulse a small amount of sample material is removed, about 
femto-grams per laser shot. Thus, when ablating with the 
laser at the same spot the sequence of mass spectra resulting 
from these laser pulses can be used to derive a depth profile 
of the atomic composition at the sampled location [20]. This 
allows, for example, to penetrate through the space weathered 
layer on grains and rocks [4,7] to access the true chemical 
composition of the material. Furthermore, LIMS can be 
operated in laser desorption mode to detect complex mole-
cules located on the sample surface [21]. This operation mode 
is particularly useful in studying the chemical contamination 
of the regolith grains by the exhaust of the retrorockets.  

 
Figure 3: Design study of the LIMS instrument for an 
application on a CLPS platform. A similar design is 
foreseen for LIMS instrument for the field work of the 
astronauts.  

   
Figure 4: The core part of the LIMS instrument, the mass 
analyzer. Left panel shows the prototype instrument, 
right panel shows the schematics.   
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Laser Sub System (LSS) 

For laboratory experiments using LIMS we operated various 
laser systems, providing nano-second or femto-second pulses 
at various wavelengths ranging from IR to UV. The nano-
second laser system is a pulsed Nd:YAG laser (20 Hz, at 
1064 nm, and the harmonics 532 nm, 355 nm, 266 nm, 
GW/cm2, Ø ~ 20 µm). The femtosecond pulsed laser system 
is a Ti:Sapphire system with optional frequency doubling and 
tripling (1 kHz, at 775 nm, 387 nm, 258 nm, TW/cm2, Ø ~ 
10–20 µm). Using these laser systems, their different pulse 
durations, and their different wavelengths, we investigated 
the influence of these parameters on the results of chemical 
composition analysis. This allows us to select the best laser 
system for a LIMS instrument. We find that the femto-second 
laser system is clearly superior to the nano-second laser 
system [22,23], and that the shorter the wavelength the better 
is the analytical capability for quantitative analysis [11,16]. 
With all laser systems we accomplished quantitative analysis 
of samples, however, with different effort in calibration of the 
system.  

Given the constraints for a flight system being mass, power, 
thermal, complexity, autonomous operations, and the highly 
compressed schedule of a CLPS mission, we chose a fre-
quency-doubled Nd:YAG micro-chip laser system operated 
at 532 nm, the first harmonic, providing 1.4 ns laser pulses, 
with a repetition frequency of 100 Hz. This laser system is 
compact, has affordable power consumption, and the 
company producing it has flight heritage in NASA’s OSIRIS-
Rex mission [24]. Figure 5, top panel, shows a prototype 

microchip laser system with the beam expander mounted at 
the laser exit. Figure 5, bottom panel, shows the capability of 
this laser system to cause significant ablation on stainless 
steel samples, which corresponds to intensities of GW/cm2, 
with spot sizes of Ø ~ 30 µm.  

For Artemis-LIMS we are developing a fiber-based femto-
second laser system based on a commercial system. The 
wavelength should be as short as possible, ideally in the UV 
range, and the pulse repetition frequency should be in the 
range of 100 Hz – 1 kHz, with a laser intensity measured at 
the surface of TW/cm2, and a spot size of Ø ~ 10 µm. In case 
this system is not flight-ready in time, the nano-second 
Nd:YAG micro-chip laser system will be used again.  

Electronics Box 

The electronics box houses all the electronics of the 
instrument, aside from some minor proximity electronics at 
the detector and the laser head. There are six individual 
electronics modules for CLPS-LIMS system, which are: i) 
laser electronics, ii) read-out electronics (RoE), iii) data 
processing unit (DPU), iv) high-voltage electronics (HVPS), 
v) low-voltage electronics (LVPS), and vi) DC/DC converter. 
For the Artemis-LIMS instrument there are two additional 
electronics modules foreseen to allow for independent field 
operations of the instrument. These modules are vii) battery 
system, and viii) WiFi communication module. 

Laser electronics—Dedicated electronics to operate the laser, 
to adjust the laser pulse energy, to control the operation 
temperature of the Nd:YAG and the frequency doubling 
crystal, and to record all laser housekeeping data. 

Read-out-Electronics—recording of detector signal, analog-
to-digital (ADC) conversion, and histogramming of recorded 
time-of-flight spectra. The foreseen ADC (TI 
ADC12D1620QML) supports dual-channel digitization with 
a 12-bit vertical resolution and 1.6 GS/s per detector channel. 
Optionally, time-interleaved digitization with a sampling 
frequency of 3.2 GS/s on one channel is possible. Given by 
the mass-analyzer dimensions a sampling duration of 12 µs 
is necessary to capture a time-of-flight spectrum covering the 
full mass range. 

Data Processing Unit—is the computer system that handles 
all the instrument operations, the calibration on the lunar 
surface, the optimization of the performance, the collection 
of science and housekeeping data, the data compression, and 
the communication with the spacecraft (telecommand and 
telemetry). The Gaisler GRC712RC dual-core LEON3FT 
SPARC V8 processor, on which the system is based, is a 
proven and tested integrated circuit for space applications. 
Added non-volatile memory for science data allows to 
implement a store-and-forward mechanism to comply with 
the data rates as specified by the mission profile. 
Communication with the spacecraft will be handled via a RS-
422 interface.    

 

 
Figure 5: Top panel: Prototype micro-chip laser system 
with the beam expander telescope in test setup, bottom 
panel: laser ablation test sequence with stainless steel as 
sample surface (532 nm, 100 Hz, ~40 µJ, beam diameter 
Ø ~30 µm).   
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High voltage electronics—Provides 7 high voltages up to –
2.5 kV, with 14-bit resolution, to operate the ion-optical 
system, and it records its housekeeping data. 

Low voltage electronics— Provides eight low voltages in the 
range from –500 V to +500 V, with 12-bit resolution, to 
operate the ion-optical system, and it records its 
housekeeping data. 

DC/DC converter—Provides all the voltages to power the 
various electronic components (+3.3 V, –5 V, +5 V, +15 V, 
+12 V). 

Battery system—For the field operation electrical power will 
be provided by a built-in battery system that supports field 
operations of the instrument up to eight hours. Upon return to 
the astronauts’ habitat the instruments will be connected to a 
docking station to recharge the batteries.  

WiFi communication module—Data collected by the instru-
ments will be transferred via a WiFi connection to the 
astronauts’ habitat in almost real time. Thus, the collected 
data will be available in the habitat for local analysis. From 
the habitat the data will be downlinked to Earth.  

3. SAMPLE INTRODUCTION SYSTEM 
On the CLPS platform we are responsible to collect the 
sample from the surface ourselves. The goal is to collect 
regolith, i.e., small dust grains from the immediate vicinity of 
the lander and perform grain by grain analysis. The typical 
size of these grains is about 60 µm, with sizes ranging from 
µm to cm. The largest grain size CLPS-LIMS can handle is 
about 0.5 mm.  

The system we selected for the CLPS mission for sample 
access, collection, and introduction into the instrument is an 
electrically biased conveyor belt that collects dust particles 
mechanically released from the surface and transports these 
regolith grains from the collection area to the analysis area of 

the instrument. Mineral dust, which is usually an isolating 
material, is always somewhat electrically charged because of 
triboelectric effects. In addition, the precipitating plasma and 
solar UV irradiation cause additional charging of exposed 
grains on the surface [25]. Once airborne, the charged dust 
grains are attracted by the electric field of the conveyor belt 
and are deposited there. Even if the regolith grains are not 
electrically charged, the airborne particles would be attracted 
to the biased conveyer belt because of dielectric polarization 
of the grains in the electric field of the conveyor belt and the 
resulting attractive (Coulomb) force [30]. The idea of 
collecting regolith grains with an electrically biased conveyor 
belt is based on a sample collection mechanism that we 
studied for an earlier instrument that was part of an asteroid 
lander [11].  

A conceptual design of the sample introduction system is 
shown in Figure 6. The conveyor belt extends over an arm 
that is lowered to the lunar surface underneath the lander. 
During flight, the conveyor belt arm is in its transport position 
attached to the spacecraft platform. Upon successful landing 
the launch lock of the arm is released via a frangibolt 
mechanism and lowered to the lunar surface by a spring-
loaded mechanism restrained by a damping element. This 
system allows to accommodate distances from the spacecraft 
platform to the lunar surface in the range of 350 – 530 mm, 
which accommodates the topographic terrain uncertainty of 
the landing site.   

At the surface end of the conveyor belt arm there are three 
steel brushes. When operated, the rotating steel brushes 
release the regolith grains from the surface that are attracted 
to the electrically charged conveyor belt and stick there upon 
landing. The rotation speed of the brushes can be adjusted to 
optimize the loading of the conveyor belt with regolith grains, 
and to adapt for the encountered regolith being loose or 
compacted, the latter possibly by the activity of the 
retrorocket during landing. In worst case, the brush can be 
operated to be slightly abrasive to release particles from a 
more compacted object. In case two of three brushes fail there 
is still chance to transport lunar dust towards the mass 
analyzer with the remaining brush. 

The moving conveyor belt transports the collected regolith 
grains to the measurement location of the LIMS instrument 
where each grain is analyzed individually. LIMS analysis of 
a grain takes about 1–2 minutes, thus thousands of grains can 
be analyzed during a lunar day. If the data rate allows, even 
depth profiles of a grain can be recorded.   

4. PROTOTYPE TESTING 

Mass Spectrometer 

We developed two highly miniaturized Laser Ablation 
Ionization Mass Spectrometry (LIMS) instruments for in situ 
planetary research [12,13,14]. These were originally intended 
for a lander on Mercury as part of the BepiColombo mission 
of ESA [26]. For almost two decades, we continuously 
improved the larger of the two LIMS instruments in 

 
Figure 6: Conceptual study of the sample handling system 
of the LIMS instrument for the application on the CLPS 
platform.  
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preparation for future landed missions for versatile use on 
lunar, asteroid, Mars, and other planetary surfaces [10,27].  

Currently, we have three prototype instruments in operation 
in our laboratory. Thanks to our continuous development, 
LIMS has advanced towards a true alternative for the 
sensitive and quantitative chemical analysis of solid materials 
with high spatial resolution. We achieved a performance 
comparable to state-of-the-art laboratory techniques, such as 
SIMS, LA-ICP-MS or GD-TOF-MS, see review [26,28].  

In preparation for the CLPS mission, we developed 
prototypes or test setups for several sub-units of the LIMS 
instrument, which were necessary to address all the 
requirements for a CLPS lander on the lunar surface. These 
are discussed below.   

We investigated the performance of the LIMS prototype mass 
spectrometer with lunar analogue material, the Lunar 
Highlands Simulant (LHS-1) [29], which has a mean particle 
size of 90 µm matching the mean particle size distribution 
encountered during the Apollo missions. The mineral com-
position of the lunar simulant material consists of 
Anorthosite, Glass-rich basalt, Ilmenite, Olivine, and 
Pyroxene grains. This mix of mineral grains results in a bulk 
chemistry of: SiO2 (51.2%), TiO2 (0.6%), Al2O3 (26.6%), 
FeO (2.7%), MnO (0.1%), MgO (1.6%), CaO (12.8%), Na2O 
(2.9%), K2O (0.5%), P2O5 (0.1%), and others (0.4%). 

For the measurement a 1 mm deep cavity on the surface of a 
stainless steel sample holder was filled with lunar analogue 
material while assuring that sample height differences were 
kept minimal by levelling the surface with a spatula. Care was 
taken to not compress the sample material. This resembles the 
expected received sample from the sample handling system. 

The optical and ion-optical subsystem optimization was 
accomplished by performing measurements of the stainless 
steel sample holder. Parameters were tuned to maximize 
signal intensity while retaining mass resolution and 
symmetric peak shapes. Measurements were performed at a 
laser irradiance of ~0.2 GW/cm2 and 100 Hz laser frequency. 
The sample was continuously moving below the mass 
analyzer with a speed of ~0.8 mm/s, matching the operation 
of the sample handling system. 

In Figure 7 we show a histogrammed mass spectrum of LHS-
1 consisting of 100 single shot mass spectra recorded during 
one of our preliminary test campaigns of the laser optical 
subsystem. With this setup a mass resolution M/ΔM ~ 400 
was achieved. All major elements or their oxides present in 
LHS-1, except Si, were detected. Due to the mix of grains in 
the analogue material and the short travel distance of ~0.8 
mm during this measurement, it can be expected that 
predominantly Si-lacking grains were measured, likely 
ilmenite grains. Contributions from the sample holder to the 
mass spectrum were not detected. 

By optimizing the ion optics directly on the lunar analogue 
material, improvements to the spectral quality are expected. 
This will result in a more stable signal allowing for more 
single shot spectra to be histogrammed and thus improving 
SNR. This is a prerequisite for detecting the trace elements 
present in the sample. 

Laser Sub System 

Since the analytical performance of the LIMS instrument is 
strongly dependent on the operation parameters of the laser 
system, it was necessary to characterize the micro-chip laser 
accordingly. 

The ablation and ionization of the sample material, regolith 
grains or larger solids, is highly dependent on the applied 
laser irradiance (W/cm2). This measure is directly tied to 
energy emitted within a laser pulse and the corresponding 
pulse duration. Thus, the stability of the pulse energy over 
longer time periods of continuous operation, typically in the 
range of minutes and short-term variations in the pulse energy 
had also to be quantified. Figure 8 shows a result of such a 
measurement. Due to the passive Q-switch technology of the 
pulsed laser, no significant variations in pulse duration are 
possible. 

Single laser pulse energies were measured using a Coherent 
J-10MB-LE energy sensor coupled with the Coherent 
LabMax-TOP evaluation unit. No additional optical elements 
were placed between the laser head and the laser energy 
meter. 

 
Figure 7: Sample mass spectrum of the LHS-1 lunar 
analogue material recorded with the laboratory prototype 
LIMS instrument.  

 
Figure 8: Laser pulse energy measurements within a 200 s 
long burst with a laser repetition frequency of 100 Hz.  
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The laser pulse duration was verified, and it matches the 
manufacturer specifications using a Alphalas UPD-50-UP 
fast photodiode as temporal detector and using a Tektronix 
MSO64B oscilloscope to record the signal. Subsequent 
analysis of the pulse shape agreed with the company specified 
value of ~1.4 ns. 

A pulse energy profile of a representative laser burst is shown 
in Figure 8. The specification of an average pulse energy of 
40 µJ are fully met with an average of 47.4 ± 0.4 µJ. The 
initial instability in the first ~30 s of the bursts is attributed to 
the reaction time within the temperature control system of the 
laser. Acceptance criteria defined for the LIMS instrument 
require a pulse energy stability of <2 % over the first 20,000 
shots in a burst. Considering the initial instability, pulse 
energy stabilities of <1 % are achieved. After reaching steady 
state pulse energy stabilities of <0.2 % are observed, meeting 
the specification needed for quantitative chemical analysis of 
the samples.  

Dust Collection System 

The dust collection system is a new development for the lunar 
application, thus the working principle itself, its collection 
efficiency must be tested and verified, and operation 
scenarios must be developed. For that purpose, we developed 
a test setup for the regolith particle collection. The design of 
this test setup is shown in Figure 9. The test setup consists of 
a dust tray filled with lunar analog material (emulating the 
lunar regolith surface), the steel brush driven by a motor with 
adjustable rotation speed, and a piece of conveyor belt, the 
collection foil, mounted on an articulated section of a circle 
to collect the released particles. The collection foil can be 
electrically biased from 0 V up to –1,000 V. The test setup 
(see Figure 10) is accommodated in a vacuum chamber 
operated at 1 mbar. The setup was used already for many test 
runs. The dust tray was filled with lunar regolith analogue 
material, the Lunar Highlands Simulant (LHS-1) [29].  

In the test runs, the 
rotation speed of the 
brushes was varied bet-
ween 200 and 350 rpm, 
they operated between 5 
and 10 s, and the bias 
voltage of the collection 
foils was varied between 
0 V and –1,000 V.  

For all these operation 
conditions we got accept-
able collection efficiency 
of dust particles on the 
collection foil, and we 
found that the operation 
parameters of the sample 
handling system are not 
critical. A typical result of 
a dust collection run col-
lecting dust on the collec-
tion foil is shown in 
Figure 11. The dust sticks 
to the collection foil well 
enough, so that its trans-
port on the conveyer belt 
to the instrument is 
assured. The negative vol-
tage bias on the collection 
foils was used because 
such a high-voltage power supply was readily available. 
Since the electric field causes an electric polarization of the 
particles resulting in an attractive force also a positive voltage 
bias of the conveyer belt will work, as has been demonstrated 
earlier [30,31].    

5. SUMMARY 
We prototyped all components for a LIMS instrument to be 
part of the science payload to be landed on the lunar surface 
on a robotic platform as part of the CLPS program of 
Artemis. Prototyping and testing of all crucial sub-units was 
successfully concluded. The LIMS instrument will analyze 
individual regolith grains from the vicinity of the landing site 
to derive the chemical composition of each grain, and to infer 

  
Figure 9: Design of the test setup for the regolith particle 
collection.   

   
Figure 10: Test setup for the 
regolith particle collection.   

  
Figure 11: LHS-1 dust particles collected on the collection 
foil (the conveyor belt), using the test setup for regolith 
particle collection.   

10 mm 



8 
 

their mineralogy. These measurements address many of the 
scientific goals put forward for the Artemis program of 
NASA.  
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3 From the Laboratory to the Moon: The CLPS-LIMS Instrument

3.2 Sample Handling Concept for Analysis of Lunar Regolith

With the progression of the CLPS-LIMS project, a major change to the instrument’s
design was triggered by NASA by changing the responsibility regarding sample transport
to the instrument, led to the development of a new Sample Handling System (SHS).
As presented before, CLPS-LIMS was responsible to collect and process the sample
from the lunar surface all the way to the LIMS measurement. Then, NASA decided to
collect the sample themselves and provide a well-processed sample to the CLPS-LIMS
instrument. Defining a reliable interface between the lander sample collection and CLPS-
LIMS turned out prohibitive and it was decided that the lander is responsible for the
coarse sample handling and CLPS-LIMS performs the fine sample preparation for the
LIMS measurement. This concept is described in the following.

The new concept foresees that the CLPS-LIMS instrument is supplied by an external
sample delivery system with lunar regolith. The sample delivery system (SDS) will be
supplied by the lander vendor, with the responsibility of designing and operating it lying
with the vendor. The CLPS-LIMS instrument must provide an interface at which it can
receive the delivered sample and process it according to its needs. A set of requirements
is posed towards the lander vendor, detailing how the sample must be delivered. These
requirements include e.g. the total sample volume and the sample volumes per loading
cycle. In addition, the maximum regolith grain size that the SDS may provide is specified,
to ensure the functionality of the SHS.

The following publication describes the concept of the new SHS, and the related laboratory
validation studies, which have been performed to prove its viability. The validation
studies that I contributed focussed on the mass spectrometric analysis of lunar regolith
simulant from which key parameters for the SHS could be derived. These are e.g. the
maximally allowable sample roughness, such that the quality of LIMS measurements is
not impeded. Additionally, the laboratory studies conducted on the regolith simulant,
allowed to determine the minimally needed rotation speed of the sample carousel. As
the LIMS measurements are destructive, thus consuming or displacing sample material,
consecutive laser pulses applied on the same position, will lead to a decrease in mass
spectrometric signal. The needed movement speed to counteract this signal decrease was
determined in these studies and serves as a key requirement towards the design of the
flight-capable SHS.

© 2024 IEEE. Reprinted, with permission, from P. Keresztes Schmidt et al., ”Sam-
ple handling concept for in-situ lunar regolith analysis by laser-based mass spectrom-
etry”, 2024 IEEE Aerospace Conference, Big Sky, MT, USA, 2024, pp. 1-10, doi:
10.1109/AERO58975.2024.10521190.
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Sample handling concept for in-situ lunar regolith analysis 
by laser-based mass spectrometry

Abstract—We present the current progress in developing a 
reflectron-type time-of-flight laser ablation ionization mass 
spectrometer (RTOF-LIMS) to allow for direct sensitive 
microanalysis of lunar regolith grains in situ on the lunar 
surface. The LIMS system will operate in the lunar south pole 
region on a CLPS mission within NASA’s Artemis program. 

The concept for the regolith sample handling system, which is 
based on a carousel disk system with a cavity to hold the sample 
material, will be discussed in detail. Rotating the disk takes care 
of transporting the sample material from the sample inlet, into 
which a sample delivery system of the CLPS platform deposits 
the regolith, to the analysis position below the mass analyzer 
entrance and, subsequently, disposing the material after 
analysis is completed. Sample preparation is achieved by passive 
brushes and a shaping tool to create a sample surface with the 
necessary planarity. Accurate control of these parameters is 
important to ensure consistent laser ablation conditions during 
sample analysis and thus reproducible chemical composition 
determination of the sample material. The new sample handling 
system design has an improved acceptance range for larger 

regolith grain sizes up to ~ 1 mm Ø. This in turn reduces a 
possible sampling bias and should lead to a more representative 
analysis of the regolith’s chemical composition. Sample disposal 
is realized by another set of brushes to clean out the cavity and 
to allow for new sample material to be deposited. 

To verify the feasibility of the sample handling concept and 
guiding the development thereof, laboratory experiments on a 
lunar regolith simulant were conducted using a prototype LIMS 
system. This prototype system has capabilities representative of 
the flight instrument currently in development regarding the 
mass analyzer and optical sub-system. The laboratory and flight 
optical sub-system is based on a microchip Nd:YAG laser 
system (~ 1.5 ns pulse width, λ = 532 nm, 100 Hz laser pulse 
repetition rate, laser irradiance ~ 1 GW/cm2), and custom-made 
laser optics to achieve a focal spot on the sample surface of ~ 
20 µm. Consequently, the conducted measurements can serve as 
a qualification baseline for the flight instrument during ground-
based tests.  
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1. INTRODUCTION 
An instrument based on laser ablation ionization mass 
spectrometry (LIMS) for the chemical analysis of lunar 
regolith is currently under development. LIMS consist of a 
mass analyzer coupled to a pulsed laser system. The laser 
beam is focused onto the sample surface to obtain irradiances 
in the range of MW/cm2 to TW/cm2. This causes ablation of 
the sample material, and partial atomization and 
simultaneous ionization thereof [1]. Our LIMS instrument 
shall operate on a robotic lander platform to conduct 
autonomous in-situ measurements of the mineralogical, 
element and isotope composition of lunar surface material. 

Our LIMS instrument is being developed for a mission within 
the Commercial Lunar Payload Services (CLPS) framework, 
which is a part of NASA’s Artemis program. The lunar south 
pole region is being considered as landing site. 

Regolith, the targeted sample material of our CLPS-LIMS 
instrument, covers the lunar surface with a thickness of 5 m 
to 10 m, depending on location [2], [3]. The regolith’s grain 
size distribution could be inferred from regolith returned 
during the Apollo missions. About 90 wt% is larger than 
10 µm, 50 wt% larger than 100 µm and 10 % larger than 
1 mm [4]. Being an electrical insulator and with no protective 
lunar magnetosphere, the bombardment of the regolith with 
charged solar particles leads to electrostatic charging thereof 
[5]. When designing an instrument for operation on the lunar 
surface, such properties must be considered during the design 
phase. Furthermore, selection procedures for the correct grain 
size fraction of the measurement procedure must be 
implemented. Electrostatic charging of the sample material 
can have an influence on the instrument or cause 
contamination of surfaces, that ought to be clean of regolith 
[6]. In this contribution, we discuss how this is handled 
within the design of our CLPS-LIMS instrument and provide 
experimental results based on measurements conducted with 
lunar regolith analogue. 

LIMS as a chemical analysis technique is suitable for direct 
determination of element composition and isotope ratios of 
the sample material, such as lunar regolith [1], [7], [8]. It is 
based on the ablation and subsequent ionization of the solids 
caused by a high-irradiance pulsed laser beam. The generated 
ions are separated according to their mass-to-charge ratio 
(m/z) and subsequently detected. 

Our CLPS-LIMS instrument is based on a reflectron-type 
time-of-flight mass spectrometer ion-optical design (RTOF-
MS) [9]–[11]. Laser ablation/ionization is accomplished by a 
frequency doubled Nd:YAG microchip laser (λ = 532 nm, 
τ ~ 1.5 ns, 100 Hz pulse repetition rate). Positive ions in the 
ablated material are accelerated into the mass analyzer. For a 
more complete description of the CLPS-LIMS instrument 
and its subunits we refer the reader to the published design 
study [12]. 

Changes in the mission profile of CLPS-LIMS, namely the 
addition of a sample delivery system at the CLPS platform 
for sample collection from the lunar surface, resulted in a 
significant redesign of the instruments sample handling 
system (SHS), which is presented in the first part of this 
contribution. The concept design was validated and guided 
by laboratory experiments, which are described in the second 
part of this contribution. 

Instrument Overview— The CLPS-LIMS system consists of 
two main parts, namely the Spectrometer Unit (SMU) and the 
Electronic Unit (ELU). In Figure 1 an overview of the current 
SMU design is shown. The SMU carries of the optical sub-
system (OSS) on the top, which houses the laser source and 
the necessary beam shaping optics to generate a focused laser 
spot on the sample surface. The mass analyzer (MA) is 
mounted below the OSS and above the SHS. 

All components of the instrument are attached to an ultra-
stable structure made of sandwich panels with near-zero CTE 
CFRP face sheets and aluminum honeycomb, which acts also 
as the spacecraft interface. 

 

Figure 1: Overview of the current SMU design of the 
CLPS-LIMS instrument. 

2. DESCRIPTION OF THE SAMPLE HANDLING 
SYSTEM CONCEPT 
The CLPS mission profile foresees split responsibilities 
between sample collection from the lunar surface and 
delivery to a defined interface at the CLPS-LIMS instrument, 
and the subsequent sieving and fine manipulation of the 
sample material to prepare it for LIMS analysis. The CLPS 
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lander platform will provide the sample delivery for the 
CLPS-LIMS instrument. 

The external sample delivery system is required to provide a 
continuous flow or batched drops of 50–100 cm3 of regolith 
with grain sized no larger than 5 mm. 

The LIMS SHS accepts the collected material from the 
external sample delivery system (e.g., a robotic arm with a 
bucket end effector), sieves and shapes the material into an 
appropriate form for LIMS analysis. Subsequently, it 
presents the sample to the mass spectrometric system. 

A 3D CAD drawing of the SHS’s current design iteration is 
shown in Figure 2. 

 
Figure 2: Close-up view of the sample carousel structure. 

Conceptually, the SHS is built around a rotating sample 
carousel, which has an approximately 5 mm wide and 
1.5 mm deep cavity along its outer edge. The externally 
delivered sample material is guided through a funnel 
structure into this cavity while the carousel is rotating 
counterclockwise. Following the sample deposition, a set of 
three brushes guides potentially spilled material from the 
carousel’s main body towards the cavity. To enhance this 
process, the brushes are mounted rotated into the direction of 
rotation of the sample carousel. The brushes extend over the 
cavity as a first step in forming the sample surface and evenly 
distributing the sample material. For this purpose, the 
distance between the lower edge of the brushes and the 
carousel surface decreases across the set of brushes. 

After the coarse shaping of the sample material by the 
brushes, an additional shaping tool further compresses the 
material and creates a surface with reduced roughness and 
porosity. 

Rotating the carousel further, the now prepared sample 
material is moved to the measurement position of the CLPS-
LIMS instrument. The sample is periodically advanced 
during analysis to present new material to the mass analyzer 
and avoid signal degradation due to displacement of the 
material caused by the laser-matter interaction and 
consumption of the sample material due to ablation. 

After mass spectrometric analysis, the sample material is 
transported to the disposal structure. Here, another set of 
brushes removes the regolith from the cavity, making it ready 
to accept new sample material from the funnel. To aid the 
sample removal process, the sample cavity wall height is 
asymmetric with the outer wall being only 0.75 mm high. The 
brushes force the material over the outer edge of the sample 
cavity. Note, that a complete removal of sample material 
from the cavity is not necessary, since only the upper tens of 
micrometers of the sample material surface are investigated 
by LIMS. 

Disposed sample material falls, by gravitational influence, to 
the bottom of the instrument enclosure, and passes through a 
slot present in the enclosure back onto the lunar surface. The 
slot is protected by a labyrinth structure to minimize radiative 
heat exchange between the inner part of the instrument and 
the lunar surface, hence the impact on the SMU’s thermal 
design is kept minimal. This assures minimal accumulation 
of disposed sample material inside the instrument enclosure.  

Actuation of the sample carousel is performed by a phySpace 
32 stepper motor (Phytron GmbH, Gröbenzell, Germany), 
allowing for precise positional control of the rotation. A 
planetary gearbox is mounted onto the motor housing to 
increase effective torque of the carousel and reduce the 
rotation speed to the required levels. The pre-loaded drive 
bearings of the sample carousel are protected from lunar 
regolith using a labyrinth sealing system. Figures of merit of 
the drive system’s current baseline design are listed in Table 
1. 

Table 1: Current figures of merit of the SHS drive system. 

The torque requirements have not been experimentally 
verified yet and are at this time best estimates. A bread-board 
design of the carousel system is currently being built to 
accurately determine the needed torque to advance the 
sample material through the sample shaping and cavity 
cleaning sections of the carousel structure. 

The minimal step size, with which the sample material can be 
advanced with, is given by the approximate diameter of the 
laser focus and thus the diameter of the analyzed area by the 
LIMS instrument. This has the advantage of not having to 
step the motor multiple times to reach a new sample area 
while also not wasting precious lunar sample material by 
having steps larger than the analyzed area. Consequentially, 
this reduces the duty cycle of the motor and thus power 
consumption and heat dissipation. 

No. of steps per motor axle 
revolution 200 steps/rev 

Drive motor torque 15 mNm 
Total gear ratio 1:200 
Carousel torque 3 Nm 
Linear step size along 
sample cavity 14 µm 
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For initial position referencing a Hall effect or optical sensor 
is foreseen to be mounted to the top side of the carousel. No 
active position feedback is needed to keep track of the current 
rotation position of the carousel due to the fixed step sizes of 
the motor after initial referencing of the carousel position. 

Sample surface quality and shaping tool—For optimal 
analysis of the lunar regolith with the LIMS instrument a 
sample surface with a defined height and small corrugation is 
necessary. Due to the ion optical design of the MA, the 
sample surface must have a distance of (0.6 ± 0.6) mm from 
the opening of the mass analyzer to achieve good collection 
of the ions generated the laser ablation. Furthermore, the 
required irradiance of the focused laser beam for sample 
ablation and ionization is only achievable in the same range. 
To account for any possible misalignment of the laser focus 
and the mass analyzer with respect to the nominal sample 
surface caused by thermo-mechanical distortion or external 
forces during launch and or landing, the sample planarity 
shall be better than ±0.2 mm when presented to the mass 
analyzer. The carousel will be designed to fulfill this 
constraint over full rotations of the carousel. 

In Figure 3 the currently considered schematic designs for the 
sample shaping tools are shown. After forcing the regolith 
through beneath the shaping tool, the material should have 
the necessary planarity and reduced porosity required for 
analysis by LIMS. The appropriate tool design is currently 
being investigated using the SHS breadboard system (Figure 
4). The knife edge tool (3) is currently favored due to its 
simple mechanical design. Due to the possibility of large 
grains getting stuck between the knife edge and the cavity, 
alternative solutions are being considered if the knife edge 
tool is proven to be not feasible. These might be a flexible 
Teflon lip tool (1) or a brush tool (2). Using a brush or Teflon 
lip could pose problems regarding insufficient compression 
and poor surface quality. 

 
Figure 3: Schematic depiction of the shaping tools 
considered for the SHS. The carousel is shown in yellow 
with its nominal direction of rotation being to the right. 

 
Launch lock—Unwanted movement of the carousel during 
launch, transit and landing are avoided by locking the 
carousel using a launch-lock pin. During the commissioning 
phase on the lunar surface, a spring-loaded, shape-memory 
alloy triggered pin puller is actuated allowing for motor-
driven rotation of the carousel. 

Funnel 

The funnel serves as a drop zone for the CLPS platform's 
sample delivery system into which the collected lunar 
regolith is placed. Since the LIMS instrument is designed to 

handle only regolith with grain sizes of 1 mm and smaller, 
three sieves with decreasing mesh sizes (5 mm → 2 mm → 
1 mm) are integrated into the funnel. It is defined that the 
sample delivery system is allowed drop regolith with grain 
sizes up to 5 mm to avoid clogging or damaging the sieves. 

The sieves are slanted downwards away from the instrument 
body and cutouts in the funnel allow for the discarding of the 
unwanted fractions of lunar regolith. 

To aid sieving and transport of the regolith material, an 
eccentric vibrator actuated by a brushed DC motor is attached 
to the funnel. The vibration frequency can be changed by 
increasing or decreasing the motor’s rotation speed. This 
allows to tune the regolith flow through the funnel and hence 
onto the sample carousel. A voice coil vibrator has been 
considered, but due to the more complex control electronics 
required, the DC motor-based solution was chosen. 

 

Figure 4: Sample handling system (SHS) breadboard to 
test different shaping tools and a custom microscope to 
quantitatively evaluate the resulting sample planarity. 

Reference Samples 

For post-landing checkout and calibration purposes two 
reference samples are foreseen. They are placed within a 
section of the outer perimeter of the sample carousel for 
which the sample cavity is interrupted. These samples will be 
analyzed first and, according to nominal planning only once, 
during the commissioning since their surface can become 
contaminated with lunar regolith during operations (see 
discussion below). 

The first reference sample is a monolithic piece of 
AISI 316 L / 1.4435 stainless steel, which is glued into its 
respective cavity on the sample carousel. This material has 
been studied extensively with the laboratory prototype LIMS 
instruments and thus offers good comparability and 
evaluation of the performance of the LIMS system when 
deployed on the lunar surface. In addition, the well-defined 
surface of the steel reference sample reduces effects on the 
LIMS measurement stemming from deviations of the sample 
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surface height, thus simplifying optimization procedures. 
Due to a low ablation rate of the steel, extensive measurement 
sequences (> 50’000 shots) can be performed on a single 
location of the sample without degradation of the spectral 
characteristics, reducing the size of the needed steel reference 
sample. 

The second reference sample is lunar regolith analogue 
material pressed to a pellet. It is used for optimizing the 
operating parameters of the LIMS instrument (e.g., laser 
pulse energy, voltages applied to the ion optical system) as 
well as deriving calibration factors for all relevant species by 
using this matrix matched reference standard for the lunar 
regolith. Due to the low structural integrity of such a pressed 
pellet, it is sealed with a lid when the sample carousel is in its 
launch position. 

When one of the reference samples is requested to be 
analyzed, the carousel is rotated in its nominal direction until 
the reference sample material is at the measurement location. 
This procedure is even feasible if the funnel still contains 
sample material while the reference materials pass below it. 
The last shaping brush is flush with the reference sample 
surface, thereby removing any potential regolith coverage 
that was deposited on top of the reference sample. If 
contamination of the reference sample is observed during 
subsequent analysis, one or multiple full rotations of the 
sample carousel can be initiated. This will empty the funnel 
and additionally the reference samples pass below the 
disposal and shaping brushes for additional cleaning of the 
surfaces. 

Disposal of sample material and contamination control 

Analysis of the lunar regolith with the CLPS-LIMS system 
consumes only a negligible amount of the sample material, in 
laser ablation mode in the range of fg – pg per laser shot [13], 
[14]. Most of the sample material entering the system will be 
disposed of unaltered. After analysis, the remaining material 
is discarded through a well-defined opening at the bottom of 
the instrument. Thus, appropriate positioning of the CLPS-
LIMS instrument on the spacecraft has to be implemented to 
avoid potential contamination of other payloads with lunar 
regolith. 

During sample material loading through the funnel and the 
sieving structure, regolith with too large grain sizes is 
removed through the openings at the front of the funnel 
(openings to the left, Figure 2). The disposal opening of the 
instrument and the funnel structure are in the XY-plane 
within ~60 mm of each other. No discharge from other parts 
of the instrument is expected. 

To avoid contamination of the instrument with regolith other 
than introduced through the funnel, the instrument’s internal 
elements are protected partly by the structural assembly itself. 
The remaining openings are covered by epoxy impregnated 
glass fiber sheets. The second layer of protection consists of 
the multi-layer insulation (MLI) covering the instrument. 
Defined openings with sealed perimeters are foreseen for the 
funnel, which must be external of the MLI and the sample 

discharge opening. Internally the sections of the carousel 
where sample manipulation and shaping take place, are 
shielded by a top cover to contain regolith fines. 

3. VALIDATION OF THE SAMPLE HANDLING 
SYSTEM CONCEPT 
In this section we describe the experiments conducted on a 
prototype laboratory LIMS system and our findings, which 
helped guide the engineering choices made during the design 
phase of the SHS. All validation experiments were conducted 
using the lunar highlands simulant LHS-1 (Exolith Lab, 
Oviedo, FL, USA) as sample material. It is a high-fidelity 
lunar simulant, matching the chemical and geotechnical 
properties of lunar regolith found in the lunar highlands [15]. 
The mineral composition of the lunar simulant material is: 
SiO2 (51.2 %), TiO2 (0.6 %), Al2O3 (26.6 %), FeO (2.7 %), 
MnO (0.1%), MgO (1.6%), CaO (12.8 %), Na2O (2.9 %), 
K2O (0.5 %), P2O5 (0.1 %), and others (0.4 %) as given by 
XRF measurements. It is expected for the regolith found in 
the lunar south pole region to exhibit similar properties [16]. 

Stability of lunar regolith within the sample cavity 

The lunar regolith must be able to keep its shape within the 

cavity of the sample carousel after its manipulation with the 
shaping brushes and the shaping tool for the correct 
functioning of the SHS. This is to ensure that the sample 
surface is still suitable for measurement using the LIMS 
instrument after the material is transported from the sample 
ingestion section to the analysis location. 

To test this, a 3D printed linear section with matching 
dimensions of the current cavity design was manufactured. It 
was coarsely filled with LHS-1, emulating the filling process 
the funnel and subsequently flattened to the height of the 
inner cavity wall using an L-shaped tool. The prepared cavity 
strip is shown in Figure 5. The sample retained its shape with 
no material flowing over the lower outer edge of the cavity. 
From optical inspection, the sample surface showed no major 
openings or cavities, and the sample planarity was compatible 
with the requirements for analysis using LIMS. 

It remains to be tested whether potential vibrations during 
sample transport are degrading the sample surface quality, 
possibly requiring higher compression of the material. The 
cohesion of the used LHS-1 material is given with 0.311 kPa 
[15], whereas lunar regolith is expected to have cohesion 

Figure 5: LHS-1 analogue material filled and shaped 
within a 3D printed linear strip of the carousel cavity 
profile (front). Some material is present outside of the 
cavity profile. 
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values of 0.1 – 1 kPa [17] as encountered during the Apollo 
missions. With the cohesion of LHS-1 being on the lower end 
of the lunar regolith cohesion, using LHS-1 can be seen as a 
worst-case scenario. In addition, the higher angle of repose of 
regolith (LHS-1: 47.5º, lunar regolith: 58º) and the lower 
gravity on the Moon will lead to a more stable outer sample 
edge [18]. 

LIMS measurements of lunar regolith simulant 

Measurements of the lunar analogue material were performed 
using a laboratory space prototype LIMS instrument [19]. For 
these measurements the LHS-1 sample material was filled 
into a AISI 316 L / 1.4435 stainless steel sample holder 
having 1 mm deep cavities. The prepared sample material in 
the holder is shown in Figure 6. To ensure sufficient 
planarity, the surface was levelled by moving the edge of a 
spatula over the sample material. Explicit compression of the 
material was avoided to simulate the worst-case scenario 
regarding porosity of the sample surface. 

Optimization of the ion-optical voltage set of the ion-optical 
system was performed using the stainless steel holder itself 
as sample material. Ion-optical parameters were tuned to 
maximize signal intensity and mass resolution (m/Δm). This 
assures maximal sensitivity of the instrument and high 
spectral quality at the same time. 

The sample planarity is a key factor for the quality of the 
obtained mass spectra. Because of the on-axis extension of 
the laser focus (Rayleigh length) there is a direct correlation 
between planarity and irradiance applied to the sample 
surface. A too low irradiance causes low material ablation 
rates and insufficient generation of ions. Additionally, 
element fractionation can be observed since elements with an 
higher ionization potential are not ionized efficiently due to 
the lower plasma plume temperatures [20]–[22]. This leads 
to low signal-to-noise ratios (SNR) and incomplete chemical 

information of the lunar regolith. On the other hand, a too 
high irradiance generates a too dense plasma at the ablation 
site as well as within the mass analyzer, resulting in space 
charge effects within the plasma plume and in the ion packets 
inside the analyzer, and thus reducing the mass resolution of 
the obtained spectra. This would make accurate chemical 
composition determination of the sample difficult. 

The Gaussian beam propagation theory predicts a 
continuously increasing irradiance for a focused beam until 
the focus point is reached, after which the irradiance 
decreases again. To stay within an acceptable irradiance 
range for chemical analysis of the sample, the surface 
planarity must be appropriately controlled. Measurements 
using the laboratory setup were performed to determine the 
LIMS instrument’s sensitivity regarding changes in laser 
irradiance I. Mass spectra at different laser pulse energies E 
were recorded and since I ~ E, direct correlations between I 
and spectral quality were obtained.  

Figure 7 shows recorded mass spectra of LHS-1 at optimized 
laser irradiance (spectrum 1) and at 1.14x increased laser 
irradiance (spectrum 2), normalized to maximum signal 
intensity. The measurements were conducted while the 
sample was continuously moving underneath the mass 

 
  

    
 

    

  
  

 

        

  
  

 

          

     
  

 

      

  
  

   
 
 

  
  

 

  
 
 

  
  

 

  
  

 

  
  

 

 
     

  
  
  

 

   

   
   

   

   

 

   

   

   

            

   

 
 
  

  
  
  
 
 
  
  
  
  
  

Figure 7: Mass spectrum of LHS-1 lunar analogue material measured using the laboratory LIMS setup. The upper 
mass spectrum (1) has been recorded with an optimized laser pulse energy, whereas the lower (inverted) mass 
spectrum (2) was recorded with 1.14 times higher laser pulse energy. Degradation of the spectrum quality by peak 
broadening is visible. 

Figure 6: The stainless steel sample holder filled with 
LHS-1 lunar analogue material to test the sample-
handling concept on the laboratory LIMS prototype 
instrument. The laser beam is schematically depicted as 
green cone and the sample movement direction during 
measurement is indicated by the red arrow. 
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analyzer with a speed of ~0.8 mm/s. The recorded single laser 
shot spectra were filtered to only include spectra with a 23Na+ 
signal having an SNR > 2. The filtered mass spectra were 
subsequently summed to obtain the final mass spectrum. For 
each energy level, about 5000 single shot spectra were 
recorded of which roughly 50 % matched the signal intensity 
criterium. 

From the optimized spectrum (Figure 7, spectrum 1), all 
major elements present in LHS-1, except for Si and O, were 
detected. Additionally, peaks for some minor species, like 
6Li+ and 7Li+ with the approximately correct isotope ratio of 
1:10 are observed. These are not specified as compositing 
elements of LHS-1, since quantification by XRF, as used for 
the specification of LHS-1, is not able to detect Li. Mass 
spectrum (2), recorded with higher than optimal laser 
intensity, shows evident peak broadening. This masks the 
24Mg+, 41K+, 54Fe+ and 55Mn+ peaks. Also, the isotopic 
structure of Ti is not discernible anymore. 

From the known difference in laser irradiance between 
spectrum (1) and (2) and simulations of the laser beam 
propagation it can be derived that the sample planarity must 

not change by more than ±0.3 mm to ensure acceptable 
quality of the mass spectra. To allow for some safety margin, 
the sample planarity requirement was set to be ±0.2 mm. 

Sample movement speed during analysis  

LIMS measurements are destructive to the sample within the 
area of analysis. Consecutive laser shots applied at the same 
sample location will create an ablation crater and thus will 
lead to signal degradation eventually. To prevent this, new 
sample material must be continuously presented to the 
instrument. The signal degradation with respect to the amount 
of applied laser shots is highly material dependent. Crater 
formation is slower for a compact solid than for a loose grainy 
substance such as LHS-1 or lunar regolith [23]. 

The goal of the presented measurements was to determine the 
minimally needed rotation speed of the carousel to always 
have enough fresh sample material at the analysis location. 
Therefore, the SNR of the mass spectrometric signal with 
respect to fired laser shots without moving the sample was 
investigated. Figure 8 shows such an SNR trace at optimized 
analysis conditions (i.e., optimized laser energy). The SNR 
has been normalized to correct for the different absolute 
signal intensities due to the species having different 
concentrations in the sample material. Thus, the dotted trace 
shows the equally weighted mean of the SNR.  For the initial 
accumulation of 231 single-shot mass spectra, an increase in 
SNR was observed. After that, not enough sample material 
was present at the analysis location to generate high enough 
signal to further increase the SNR. Instead, more noise than 
signal was added to the summed spectra, leading to a decrease 
in SNR from that point on. This measurement was repeated 2 
times, with the maximum normalized mean SNR being 
reached on average after 200 laser shots. 

With the LIMS instrument’s nominal laser frequency of 
100 Hz, the sample must be advanced with an average speed 
of at least 10 µm/s when a laser focus diameter of 20 µm is 
assumed. A ~1 Hz step frequency of the sample carousel’s 
stepper motor is needed to reach this averages speed, as one 
step corresponds to 14 µm of sample advancement with the 
chosen gearing (see Table 1). 

Figure 9 shows the SNR trace of a control measurement 
conducted with the same laser parameters as before, but with 
the sample moving at a constant speed of ~0.8 mm/s. With a 
continuously moving sample a decline in signal intensity is 
not observed. Consequently, the SNR continuously increases 
as more sample material is measured, closely following the 
theoretical SNR of √𝑁, where 𝑁 is the number of summed 
spectra. 

Influence of the sample material’s electrostatic charge 

Regolith on the lunar surface is nominally electrostatically 
charged due to its exposure to solar UV radiation on the 
dayside, as well as the continuous stream of charged plasma 
particles impinging on the lunar surface [5]. The electrostatic 
potential on the sunlit surface ranges from a few volts 
positive up to +20 V [24]. 

        

    

    

    

    

            

                

 
 
  

  
 
 
 

  
  

 

  
  

 

  
 
 

  
 
 

  
  

 

Figure 8: Normalized SNR of selected species with 
increased number of laser shots fired. The spectra were 
recorded on a single position, without moving the sample. 
The dotted line depicts the equally weighted mean. The 
maximal SNR was reached after 231 shots as indicated by 
the vertical line. 

 

    

    

    

    

    

                     

                

 
 
  

  
 
 
 

  
  

 

  
  

 

  
 
 

  
 
 

  
  

 

Figure 9: Normalized SNR of different species for 
increasing number of laser shots while the sample is 
continuously moving. The dotted line depicts the mean 
SNR. The dashed line the shows theoretical increase of 
SNR with the square root of summed mass spectra (N). 
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To guarantee accurate operation of the mass analyzer's ion 
optical system, no potential difference between the system's 
reference ground and the sample material shall exist. This is 
to avoid unwanted disturbances in the electric fields used by 
the mass analyzer’s ion optical system to extract ions from 
the plasma plume generated during measurements. Due to the 
potential electrostatic charging of the lunar surface, and thus 
the regolith sample material, preventive measures must be 
taken. To this end, the funnel structure, including the sieves 
are electrically conducting, and connected to instrument 
ground. This is also valid for the SHS carousel, as well as the 
sample shaping brushes. This ensures that the static electrical 
charge of the supplied lunar regolith can dissipate and the 
potential difference between instrument ground and sample 
material is minimized. Vibration of the sample material 
during sieving, and the sample shaping process leads to a 
large contact area of the sample material with grounded 
structures, thus achieving maximized potential equilibration. 

Laboratory experiments were conducted to assess the 
sensitivity of the ion optical system to charged sample 
material through the application of a bias voltage to the 
sample material via the sample holder. A cavity of the 
prototype instrument's sample holder was filled with LHS-1 
regolith simulant. Instead of connecting the sample holder to 
instrument ground, the holder was electrically isolated and 
connected to a bipolar power supply. Measurements were 

conducted while applying voltages of ±5 V, ±10 V and ±50 V 
to the sample. Additionally, reference measurements were 
performed while the power supply output was set to 0 V. For 
analysis, the faction of spectra having a mass peak of 23Na+ 
with an SNR of larger than 2 was calculated. The results are 
shown in Figure 10. All measurements with bias voltage 
applied are within the spread of the reference measurements 
conducted at 0 V. 

Even at ±50 V, which corresponds to more than twice the 
expected potential of the unequilibrated lunar regolith, no 
significant decrease in signal intensity was observed. The 
spectral quality did however decrease, but we are expecting 
to be able to compensate for this by re-tuning the ion optical 
system. 

4. SUMMARY 
We described a sample handling concept for the analysis of 
lunar regolith using laser ablation ionization mass 
spectrometry (LIMS). The current design for integrating this 
concept into our CLPS-LIMS instrument is shown. 
Laboratory LIMS measurements on regolith analogue 
material were conducted to evaluate the sample handling 
concept and guide the implementation thereof. Resiliency of 
the system to electrostatic charging of the lunar regolith has 
been demonstrated. A complete breadboard of the SHS is 
currently being built, for the final version to be a part of the 
LIMS instrument which is scheduled to fly to the lunar south 
pole region within the CLPS program. 
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3 From the Laboratory to the Moon: The CLPS-LIMS Instrument

3.3 Design and Testing of the Sample Handling System

The previously described sample handling concept based on a funnel interface, feeding
delivered sample material onto a transport carousel, has been proven to provide sample
material in a sufficient quality that makes analysis by LIMS possible. To improve on
the design and provide the needed confidence that it will work under the challenging
conditions of lunar surface operations, laboratory experiments with prototypes of the
SHS have been conducted.

During surface operations, a fixed amount of sample material (50 cm3 to 100 cm3 per
loading operation) will be delivered to the CLPS-LIMS instrument by the external
sample delivery system. With the available amount of sample material, one of the
main performance parameters that needs to be optimised with regard to the SHS is its
transport efficiency of lunar regolith. As the sieving during sample ingestion and sample
surface shaping are lossy preparation processes, it is important to minimise these losses.
The lower the internal losses, the more material is available for analysis by LIMS, thus
enhancing the scientific return of the CLPS-LIMS instrument.

The following peer-reviewed publication describes the performed tests and optimisations
to enhance the efficiency of the SHS and validate its overall functionality with respect to
the expected conditions it will operate in.

© 2025 IEEE. Reprinted, with permission, from P. Keresztes Schmidt et al., ”De-
sign and Testing of a Sample Handling System for Operation on the Lunar Sur-
face”, 2025 IEEE Aerospace Conference, Big Sky, MT, USA, 2025, pp. 1-14, doi:
10.1109/AERO63441.2025.11068749.
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Design and testing of a sample handling system for 
operation on the lunar surface 

 

 
Abstract—Here we provide an in-depth description of the design 
concepts and verification strategy for the sample handling 
system (SHS) used for preparing lunar regolith samples for 
analysis by laser ablation ionization mass spectrometry (LIMS). 

The SHS is an integral part of a reflectron-type time-of-flight 
LIMS (RTOF-LIMS) system that allows for direct and sensitive 
chemical composition analysis of individual regolith grains in-
situ on the lunar surface. The RTOF-LIMS measurements can 
provide the full element and isotope composition of the sample 
material (mass range up to m/z ~1,000) for each individual laser 
pulse applied to the sample surface. 

The CLPS-LIMS instrument is manifested for a robotic mission 
(stationary lander) within NASA’s Artemis Commercial Lunar 
Payload Service (CLPS) program to the lunar south-pole. The 
lander will provide upon request lunar regolith (grain sizes 
≤ 5 mm) to the LIMS instrument’s collection funnel for further 
sample manipulation by the instrument. The sample material is 

sieved in a two-stage process assisted by vibrating the funnel and 
sieve assembly at their first global resonance frequency. The 
sieving process removes grains with particle sizes larger than 1 
mm, as these would interfere with achieving the required sample 
surface quality for reliable LIMS measurements. Control of the 
sample roughness is important to ensure consistent laser 
ablation conditions during sample analysis and thus 
reproducible chemical composition determination of the sample 
material. 

The sieved sample material is deposited into a 1.5 mm deep and 
5 mm wide channel at the edge of a rotating circular carousel 
disk with a diameter of 187 mm. The system creates, with the 
help of passive shaping brushes and a skimmer blade, a well-
defined planar sample surface with height variations less than 
±200 µm in > 90% of the conducted test runs. After chemical 
analysis by LIMS, cleaning brushes remove the remaining 
material from the channel and prepare it for new sample 
material delivered by the lander platform. The SHS system 
allows for indefinite sample material to be analyzed. Two 
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reference samples are included along the edge of the carousel 
for calibration purposes of the chemical analysis performed by 
the LIMS instrument.  

The SHS was tested and validated at inclinations up to ±10° off 
the nominal plane of operation, as an angled landing position of 
the lunar lander is possible. The observed overall sample 
utilization efficiency was influenced by losses during sieving and 
the intentional overfilling of the carousel channel. Effects on the 
sample surface quality have been studied and found to be within 
the requirements for subsequent analysis of the regolith by 
LIMS. Tests were conducted using regolith simulant with grain 
sizes of up to 5 mm (LHS-2, Space Resource Technologies, USA, 
complemented with larger grains). To test sieving efficiencies in 
the lunar gravity environment, cork grains with low specific 
mass were used to simulate the reduced gravity. Finite element 
analysis of the SHS shows compatibility with vibration loads as 
defined by NASA’s General Environment Verification 
Standard (GEVS). 
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1. INTRODUCTION 
A Laser Ionization Mass Spectrometry (LIMS) instrument, 
designed to analyze the chemical composition of samples 
collected during an upcoming lunar mission, is currently 
under development. The LIMS instrument will operate on a 
robotic lander platform for conducting autonomous in situ 
measurements of lunar mineralogy, element composition, 
and isotope distribution without human intervention. 

As part of NASA's Artemis program and its Commercial 
Lunar Payload Services (CLPS) framework, our team is 
working on developing the instrument, named “CLPS-
LIMS”, for upcoming missions with landing sites near the 
lunar south pole. 

A major scientific goal of the Artemis program as outlined in 
the Artemis III Science Definition Team (SDT) report [1] is 
improving our understanding of the Earth-Moon system, such 
as the formation history and evolution of the Moon [2], [3]. 
Also, the lunar surface can serve as a time capsule preserving 
the history of impactors which were hitting the early Earth 
[4], [5], [6]. Sensitive chemical composition analyses and 
determination of isotope ratios of the lunar regolith grains 
will allow for a better understanding of the geochemical 
environment of the landing site [7]. These investigations 

directly address some of the questions formulated in the SDT 
report. Additionally, for a permanent human settlement on 
the lunar surface, local resources will have to be exploited [8] 
referred to as in-situ resource utilization (ISRU). To select, 
e.g., suitable building materials, the chemical makeup must 
be known [9], [10], [11]. The CLPS-LIMS instrument will 
deliver chemical composition information of bulk regolith as 
well as single grains. 

The CLPS-LIMS instrument employs a pulsed laser system 
in conjunction with a mass analyzer to study the chemical 
composition of lunar regolith [12]. The laser beam is focused 
onto the sample surface to spot sizes of about 20 µm in 
diameter, resulting in irradiances in the range of MW/cm2 to 
GW/cm2, leading to ablation and simultaneous ionization of 
the material. The mass analyzer is based on a reflectron-type 
time-of-flight mass spectrometer (RTOF-MS) ion optical 
design [13], [14], [15]. The laser pulses are generated by a 
Nd:YAG microchip laser system employing second-
harmonics generation (λ = 532 nm, τ ~ 1.5 ns, 100 Hz pulse 
repetition rate). For a more in-depth description of the 
instrument’s subunits, we refer the reader to the previously 
published studies [16], [17]. 

Instrument overview—A programmatic constraint of the 
mission is the strict adherence to the mechanical shock and 
vibration loads as defined by the General Environmental 
Verification Standard (GEVS) [18]. This is to decouple the 
requirements the payloads must fulfill from the, yet 
unknown, specific load environment the payloads will be 
subjected to during launch, transit and landing. This 
constraint excludes the possibility of a spacecraft (S/C) 
coupled loads analysis and the option to notch random loads 
at the S/C interface in case of high accelerations. 

The instrument design published in [17] used a base structure 
(Main Support Structure, MSS) made of aluminum 
honeycombs sandwiched between near-zero coefficient of 
thermal expansion (CTE) carbon fiber-reinforced plastic 
(CFRP) sheets. These sheets provide the S/C interface as well 
as the mounting points of the different subassemblies. 
Structural finite element (FEM) analysis of this Spectrometer 
Unit (SMU) design (quasistatic analysis and full random 
analysis) showed structural loads at subassemblies exceeding 
limits when using input loads as specified by GEVS at the 
S/C interface as simulation input. The main cause identified 
was the 0-CTE structure highly amplifying the input loads. 
As targeted notching is out of scope, reducing the observed 
loads is only possible through structural changes to the MSS. 
Investigated design options were either stiffening the MSS 
and thus shifting the eigenfrequencies higher or softening the 
MSS to lower the eigenfrequencies. Both variants had the 
common goal to shift the MSS’s eigenfrequencies into 
regions where GEVS input loads are lower. None of these 
approaches was successful and, consequently, a completely 
new mechanical design of the MSS became necessary. The 
new concept is based on a monolithic structure fabricated out 
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of AlBeMet AM162. The material choice was based on the 
need for a thermally and mechanically stable, but lightweight 
structure. High thermal conductivity and heat capacity allow 
for uniform thermalization of the structure. It's mechanical 
characteristics, combined with its low CTE, make AlBeMet 
a good choice for a structure that must meet strict mechanical 
tolerances while being subjected to thermal changes. 
Additionally, AlBeMet’s specific stiffness is higher than 
Aluminum or Titanium, making it more suitable for 
construction of GEVS loads compatible structures. 

 

Figure 1: Overview of the current SMU design of the 
CLPS-LIMS instrument with a main support structure 
(MSS) fabricated out of AlBeMet AM162. 

This monolithic design of the SMU is shown in Figure 1. The 
AlBeMet MSS is depicted in orange. All subassemblies, such 
as the mass analyzer (MA), the optical sub-system (OSS) and 
the sample handling system (SHS), are directly mounted to 
the MSS. The spacecraft interface is realized via inserts made 
of Ti6Al4V (Grade 5). These are individually dimensioned to 
compensate for residual machining tolerances of the MSS 
and pressed into the AlBeMet structure. The main design 
requirement was the need to keep random load amplifications 
at the subassemblies minimal. As the GEVS input loads 
prescribe high acceleration spectral densities between 50 Hz 
and 800 Hz [18], a minimum eigenfrequency of > 2000 Hz 
was defined for the MSS. Weight optimization of the MSS 
was performed using a geometry optimizer in combination 
with FEM analysis. 

The SMU is encased in lightweight hoods fabricated out of 
glass fiber reinforced polymer (GFRP) for protection from 
lunar dust to which multilayer insulation (MLI) is attached 
via standoffs, serving as thermal barrier. 

Radiative surfaces for heat dissipation serve multiple 
purposes. The optical bench (see Figure 1) functions 
simultaneously as the radiative surface for the laser and 
associated optics. To dissipate the heat produced by 

components within the SHS, the funnel on the SMU’s side is 
used. 

In a previous publication [17], we discussed the general 
sample handling concept of the CLPS-LIMS instrument. 
Since then, this concept has been refined and extensively 
tested and validated in a laboratory setting. In the following 
sections, an overview of the design choices made is given, as 
well as the verification procedures utilized to ensure the SHS 
fulfills its requirements.  

2. DESCRIPTION OF THE SAMPLE HANDLING 
SYSTEM 

The SHS’s main functionality is to receive between 50 cm3 
and 100 cm3 of coarse regolith from the lunar surface with 
grain sizes up to 5 mm. It prepares the sample for analysis 
with a surface planarity and roughness better than ±200 µm. 
This sample is continuously presented in front of the mass 
analyzer (MA) aperture for chemical analysis. The planarity 
requirement stems from the sample surface having to be 
within the focused region of the laser beam for laser 
ablation/ionization be able to take place. 

 
Figure 2: Graphic description of the funnel's principle of 
operation. 

The lunar regolith is delivered via an external sample delivery 
system (SDS), which is part of the CLPS lander platform and 
thus out of scope of this instrument’s design. The delivery 
system transfers the material into a drop-zone located above 
the funnel, which then collects and sieves the material as 
shown in Figure 2. The sieved material is dispensed onto a 
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rotating carousel which has an approximately 5 mm wide and 
1.5 mm deep channel along its outer edge. A series of 
stainless-steel brushes push the material outwards into the 
channel and, in the process, completely fill the channel with 
the regolith sample. A skimmer compacts the sample and 
increases the surface quality before it is presented in front of 
the MA aperture. After analysis of the material, cleaning 
brushes remove the regolith from the carousel surface and 
empty the channel. The carousel rotates continuously during 
operation, continuously providing fresh sample material for 
chemical composition analysis. 

The funnel, shown in Figure 3, with a large opening at the top 
is the interface for the CLPS provided SDS to dump the 
coarse sample material into. The funnel features two sieves 
that allow grains of 2 mm and 1 mm size, respectively, to 
pass towards the bottom of the funnel. Material which does 
not pass through the sieves falls out of openings on the side. 
These sieves are tilted at 20° to prevent stationary material 
clogging the funnel system. The tilt angle of the sieves allows 
for the lander to be tilted 10° relative to gravity vector in 
every direction without the material removal from the sieve 
surfaces being impeded. The sieves are made of woven 
metallic wires sandwiched in between metallic frames. 
Having woven wires should provide a degree of friction 
during launch and thus valuable dampening. 

To facilitate sieving, a vibrator driven by a brushed DC motor 
(DCX10L Space; maxon Switzerland AG, Alpnach Dorf, 
Switzerland) is attached to the semi flexible, flat PEEK 
backwall of the funnel via a GFRP blade between the vibrator 
and funnel backwall. This is to amplify the deformation of 

the backwall and thus the agitation of the attached sieves. 
Each sieving process will take approximately 1 minute. The 
cables used to operate the vibrator have a shielding, which is 
also used to thermally connect the motor with the thermally 
controlled monolith, to ensure that non-operational 
temperature range is respected. The whole funnel is attached 
with flexible suspensions, to limit parasitic vibrations 
originating from the vibrator spreading throughout the LIMS 
instrument and beyond. These interfaces have slits and 
allowances for shims, allowing moving the funnel up and 
down relative to the carousel before final integration. 

A retainer structure (see Figure 3) is added above the first 
sieve. This is used to avoid excessive sample material being 
lost due to sliding off the sieve during coarse sample delivery. 
The retainer also decreases the flow of sample material off 
the sieve during sieving and thus maximizes the sample 
material usage efficiency. 

The carousel employed in the SHS has been fabricated from 
titanium, a material with good stiffness-to-mass ratio. To 
further enhance this property and maintain structural integrity 
even under demanding conditions, internal support beams at 
the bottom of the carousel structure were incorporated into 
the design. For calibration purposes of the chemical 
composition analyses using LIMS, two reference samples are 
integrated along the carousel’s circumference, thus splitting 
the sample channel into two parts and making a position 
reference system necessary. For this reason, a tactile switch 
is mounted to the bottom side of the carousel within a dust 
protected enclosure, which is actuated once every full 
rotation. As a stepper motor is used to rotate the carousel, 

 
Figure 3: The current baseline funnel design of the CLPS-LIMS instrument. 
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accurate positioning can be guaranteed after referencing the 
system once even with no additional encoders installed on the 
drive train, when respecting the motor’s maximal stepping 
torque. 

As the employed microchip laser system can potentially be 
damaged by direct back reflections from the carousel’s 
surface, all surfaces that can be hit by the laser beam are tilted 
by 3° outwards. This ensures that any specular reflection 
from the carousel's surface is imaged outside of the laser by 
the optical system. 

During launch and transit, unwanted carousel rotation is 
inhibited using a nD3PP-AL launch lock (DCUBED GmbH, 
Germering, Germany). It is disengaged after landing on the 
lunar surface. 

 

Figure 4: Overview of the SHS components. The vibrator 
structure is not shown in this figure. 

 
Figure 5: Close-up view on the SHS carousel drive train 
after the motor gearbox. 

Drive train—A 2 phase stepper motor phySPACE 32-2-200-
0,6-VGPL 32 (Phytron GmbH, Gröbenzell, Germany) with a 
matching 3-stage planetary gearbox are used to drive the 
carousel rotation. Space-application compatible Braycote 
(Castrol Ltd., Pangbourne, UK) lubricant is used to reduce 
friction and wear within. The gear has a high transmission 
ratio of 1:288 to maximize torque and position resolution per 

motor step. The carousel’s drive bearings are shielded from 
lunar regolith contamination using a labyrinth sealing system, 
as shown in Figure 5. 

Considering the diameter of the carousel disc and the position 
resolution after the gear, a single step will result in sample 
movement relative to the mass analyzer of 10 µm per step, 
which approximately matches the diameter of the laser 
beam’s focal spot. The nominal stepper motor speed is 
~10 Hz which leads to a complete rotation approximately 
every 90 minutes if a continuous measurement campaign is 
conducted. 

The output torque (at 70% of maximum motor current) of 
7.2 Nm (guaranteed by supplier to be applicable over the 
whole temperature range) is four times larger than the torque 
peaks measured during laboratory test campaigns with lunar 
regolith simulant. 

The output shaft of the gear has a polygon shape for robust 
coupling with the carousel. A slit coupling design has been 
chosen to connect the polygon shaped gear shaft with the 
carousel. It can compensate for axis misalignment in angle 
and account for relative movement along the axis. Relative 
movement perpendicular to the axis cannot be compensated, 
instead the gear and the carousel have a tight sliding fit in the 
monolithic structure. The coupling is made of gold-plated 
titanium. The carousel’s rotational bearings are made of steel 
rings and are equipped with ceramic balls within a phenolic 
resin cage. The bearings’ outer diameter of 47 mm has been 
chosen to be reasonably large to absorb moments that 
originate from the carousel during launch and regolith grains 
being potentially crushed by the skimmer. This moment 
reduction is aided by a wave spring which is pushing the outer 
rings of the bearing apart. 

3. TESTING AND VERIFICATION OF THE SAMPLE 
HANDLING SYSTEM DESIGN 

Extensive testing has been conducted with lunar regolith 
simulant, both to iteratively optimize the subcomponents of 
the SHS and finally validate the integrated design. Initial 
testing and optimization were performed separately for the 
funnel and carousel subassembly. The following sections 
describe the procedures employed and how the results from 
the test influenced the system design. 

The experiments were conducted using lunar regolith 
simulant from the LHS (i.e. lunar highland simulant) series 
(Space Resource Technologies, Oviedo, FL, USA) in 
engineering quality. Depending on the campaign, LHS-1E 
with grain sized up to 1 mm or custom LHS-2E with grain 
sizes extended up to 5 mm were used. The composition and 
structure of regolith at the lunar south pole landing site is 
expected to exhibit similar properties as the highland regolith 
[19]. Thus, this simulant is deemed a suitable proxy material 
for the conducted tests. The regolith simulant material was 
baked out at 110°C for 24 h, as humidity influences the 
geomechanical properties. The baked-out material was stored 
in a desiccator under vacuum until usage. While conducting 
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the tests, the material was exposed to a non-humidity-
controlled environment. After a day of testing, the material 
was baked out again. 

Testing and Verification of the funnel 

Ensuring efficient and reliable sample transport from the 
funnel to the SHS carousel is crucial for successful operation. 
This process starts with the sample material being dropped by 
the SDS onto the first sieve. The material’s path must remain 
unobstructed under diverse conditions such as the spacecraft 
being tilted due to uneven or sloped landing sites. To 
guarantee proper sample handling in all foreseeable 
scenarios, various factors affecting this process have been 
investigated: 

• Geometry of the funnel body and nozzle 

• Sieve angle as well as sieving efficiency 

• Vibration motor positioning 

Evaluation of funnel and nozzle geometries—To identify the 
most effective funnel design, a series of breadboards (BB) 
were built and evaluated. Each BB was fabricated using 
either polylactic acid (PLA) or polyvinyl butyral (PVB) via 
fused filament 3D printing. Initially, simplified funnel shapes 
(geometry breadboards) were assessed to optimize material 
flow within the funnel (Figure 6). Funnel wall angles varied 
from 50° to 70° relative to the carousel plane, and for 
cylindrical designs, tube outlet diameters ranged from 12 mm 
to 24 mm. For the slotted funnel design, a slot width of 
12 mm was tested. 

 

Figure 6: Overview of funnel geometries tested using the 
3D printed breadboards. 

 

Figure 7: Test setup consisting of a series of 3D printed 
cylindrical Y funnel geometry breadboards. PVB was 
chosen as material as the surface quality can be improved 
by immersing it in isopropanol. The paper sheet was 
pulled continuously to simulate the carousel movement. 

To assess the regolith outflow, the printed geometry BBs 
were fixed to aluminum blocks, maintaining a precise 
distance to the laboratory table. A sheet underneath the funnel 
nozzle mimics the movement of the carousel. After filling the 
funnel with regolith simulant, the sheet underneath is moved 
towards the front as shown in Figure 7, allowing the material 
to flow out of the funnel. The mass of dispensed material and 
the distance over which this happened, was measured to 
approximate the outflow rate. 

The material behavior and the outflow rates of the different 
geometry types were measured and compared. For all 
following tests, LHS-1 regolith simulant was used. The 
outflow rate was defined as mass disposed per mm distance 
on carousel circumference. 

Funnel designs with smaller tube diameters and smaller 
funnel angles often exhibit ratholing [20]. Ratholing refers to 
a condition where material flows only in a narrow central 
region of the funnel, while the surrounding material remains 
stationary and self-supporting. Despite ratholing, the material 
flow at the nozzle of the funnel can remain stable, as the 
surrounding material may collapse inward before any non-
continuous funnel outflow occurs. At steeper funnel angles or 
larger tube diameters, ratholing becomes less likely, leading 
to the desired funnel flow behavior where some material is 
stagnant at the funnel wall while a larger volume flows 
simultaneously. Specifically, at a 70° funnel wall angle, 
continuous mass flow occurs across all diameters. In general, 
larger tube diameters and steeper funnel angles result in 
improved material flow through the funnel. 

Many cylindrical V shaped funnels show bridging. The 
material does not create a hole in the middle of the funnel but 
supports itself and does not flow out. These phenomena can 
be seen with an outlet diameter of 12 mm at all funnel angles. 
Even the 50° and 55° funnel wall angles and 18 mm outlet 
diameter funnels show bridging. Generally, the V shaped 
funnels are problematic due to this phenomenon. 

The material flow within the slotted funnel is promising, with 
mass flow occurring even at a 50° funnel wall angle, 
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indicating that bridging or ratholing is highly unlikely. 
However, a challenge arises from the elongated outlet hole, 
where friction is created by jammed particles between the 
long edge and the sheet below. Consequently, testing was 
omitted for the 18 mm and 24 mm slot width concepts due to 
this issue. Outflow rates of the slotted 12 mm geometry BBs 
are comparable to the cylindrical Y shaped BB with 12 mm 
nozzle diameter, as the opening of both nozzles are similar. 
The friction effect was absent in the earlier cylindrical 
geometry tests since they lack the extended edge. Overall, the 
slotted design concept is deemed less favorable due to the 
particle jamming at the outlet, leading to torque peaks in the 
powertrain. 

All funnel geometry breadboards were fabricated with two 
different outflow nozzle configurations, as shown in Figure 
8. The variant with a flat opening requires a clearance of 
1.5 – 2 mm to the carousel surface to allow for all expected 
grain sizes to be able to exit the nozzle. For the nozzle variant 
with the enlarged opening, the side on which material outflow 
is expected, is enlarged by 1.5 mm in the vertical direction. 
This enlarged opening allows larger grains to exit the funnel 
while maintaining a small clearance relative to the carousel. 
Thus, preventing material from spilling out on the sides of the 
nozzle and producing a clearly defined outflow geometry on 
the carousel. 

 

Figure 8: The two different nozzle configurations tested. 
The enlarged opening allows large grains to exit while 
reducing material spillage on the sides. 

A cylindrical Y shaped funnel with a large tube outlet and a 
steep funnel angle emerged as the most promising geometry 
for optimal flow behavior within the funnel and efficient 
material outflow. This configuration facilitates a continuous 
material outflow without the need for vibration during 
carousel movement. The outflow rates rise with larger tube 
diameters, which reduces the carousel efficiency, as the 
sample channel in the carousel can be filled with a fraction of 
the incoming material. This challenge can be mitigated by 
positioning the funnel closer to the center of the carousel. 

To validate the funnel behavior within a lunar gravity 
environment, the outflow tests were repeated with cork 
powder instead of lunar regolith simulant. The cork powder 
had a comparable grain size distribution and less than 1/6 the 
density of regolith simulant. The observed funnel outflow 
rate of the cork is comparable to the regolith simulant. No 
issues with ratholing or bridging were observed. 

Evaluation of a complete funnel concept—Two funnel 
concepts were considered promising and designed in detail. 
The two concepts are subject to a tradeoff regarding outflow 

rate, funnel opening and available space. Both concepts have 
a flat back wall at the SMU monolith side and two 12° 
declining sieves. An Ø 18 mm nozzle was determined to be a 
good compromise between outflow rate and material flow 
continuity. The monolithic SMU design allows the funnel to 
move closer to the carousel center and thus keep the amount 
of dispensed material per carousel revolution constant while 
enlarging the nozzle diameter. The maximum funnel angle is 
limited by the minimum required drop zone surface for the 
SDS delivering the sample material and the required sieve 
area. The two concepts have maximum funnel wall angles of 
63° and 70°, respectively. As a 70° funnel would create a too 
small drop zone (with the given height and the flat back wall), 
the available drop zone was therefore extended by having a 
smaller 55° angle (only in one direction) in the top section of 
the funnel (asymmetric design). The effective drop zone size 
is slightly larger than the required 80 mm x 80 mm. For the 
second concept, to avoid multiple funnel angles within one 
design, the overall funnel angle was reduced to 63° 
(symmetric design). This allows to have a sufficiently large 
opening at the top and sieve sizes within the available interior 
volume. The drop zone is comparable to the previous concept 
but is wider on the sides. 

Both concepts were produced by additive manufacturing (3D 
printing) and equipped with representative sieves. The 63° 
model is shown in Figure 9. The vibrator was attached 
horizontally and vertically on the back wall and on the funnel 
side. For both funnels, attaching the motor on the side of the 
funnel led to almost no sieving, independent of the motor axis 
orientation and motor speed. The relatively stiff, round part 
of the funnel does not excite the sieves and thus no sieving 
occurs. Attaching the motor to the backwall led to adequate 
sieving results for the symmetric funnel. The same 
configuration on the asymmetric funnel did not work well and 
sieving took considerably longer. The vertical (parallel to 
funnel axis) attachment of the vibrator did not lead to 
efficient sieving results for both concepts. Tests have shown 
that the funnel backwall and the motor bracket will be excited 
by the vibrator at a specific eigenfrequency. This excitement 
leads to enhanced sieving results. The asymmetric funnel has 
a much smaller and hence stiffer backwall which reduces this 
excitement. To prove this theory, a much stiffer backwall (8 
mm instead of 1.5 mm) was added to the symmetric BB. This 
stiffened backwall made the sieving impossible. A thin 
backwall is therefore required to have efficient sieving. As 
the flight-quality funnel will be manufactured out of 
aluminum, a more flexible material is needed for the 
backwall. The current baseline foresees PEEK as backwall 
material. 

The tested BBs did differ in overall stiffness from the planned 
aluminum funnel. To detect potential problems due to this 
mismatch, a more representative BB regarding stiffness was 
printed with a 5 mm thick funnel body and a 1.5 mm thin 
backwall. This new BB showed comparable sieving results to 
the symmetric BB despite more representative stiffness. 
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A sieve angle of 12° is beneficial for efficiency as the lateral 
material outflow is moderate. An uneven landing site 
scenario might reduce this sieve angle to 2°, which is 
insufficient, as larger grains would remain stationary on the 
sieves. Therefore, a larger nominal angle of at least 20° is 
foreseen. The asymmetric funnel concept is not being 
pursued further due to limitations in sieving efficiency and 
the complicated manufacturing. 
 

 
Figure 9: 3D printed funnel with 63° wall angle used to 
test and validate the sieving performance. 

Optimization of the vibrator efficiency—The design of the 
funnel backwall and motor connection is important for 
efficient sieving. A main limitation of the previous funnel 
tests is the aluminum bracket used to mount the vibrator to 
the funnel. During vibration, motor and bracket are excited 
together which influences the system.  

The aluminum bracket was replaced by lighter, 3D printed 
parts. Clamping the motor between two printed shells and 
bolting the assembly directly to the funnel backwall did not 
lead to efficient sieving results, independent of the vibrator 
frequency. The excentric forces are too small to excite the 
backwall efficiently. When adding a blade between motor 
shell and backwall, the sieving was very efficient, and 
comparable to the results with the aluminum motor bracket. 
The vibration motor mounted on a blade can be simplified as 
a damped harmonic oscillator. With the blade- and backwall 
thickness the eigenfrequency of the system can be tuned. A 
stroboscope was used to visualize the eigenmode of the 
system. A blade that is too thin leads to an unwanted torsion 
mode. By using a thicker blade, a bending mode can be 
achieved. For the flight design, the printed blade material will 
be replaced by glass fiber laminate. 

Sample material retainers—Previous tests have shown that a 
significant percentage of material is ejected laterally out of 
the funnel, which otherwise would have been small enough 
to pass through the sieves. Especially when pouring a large 
scoop into the funnel, some material instantaneously flows 
out of the funnel at the first sieve. The material that does not 
exit laterally or falls onto the second sieve immediately, 
creates a cone, with an angle of repose between 43.1° to 
45.8°, as given by the LHS-2 material specifications. At some 
point, the cone extends all the way to the end of the upper 

sieve. If more material is poured into the funnel, most of the 
additional material is ejected out of the funnel without having 
had the opportunity to be sieved. Laboratory tests have shown 
that the absolute amount of material passing the sieves, and 
therefore ending up inside the funnel, is mostly independent 
of the scoop size. Thus, the material usage efficiency of the 
overall system gets worse for large scoops. Two different 
countermeasures have been tested to increase the sample 
usage efficiency. In the first concept, the upper sieve was 
equipped with pillars which should prevent the material from 
outflowing, as shown in panel A of Figure 10. Alternatively, 
the second concept has blade shaped material retainers 
attached to the round section of the funnel, which are not in 
direct contact with the sieve (Figure 10, panel B). The pillar 
concept did not lead to a measurable efficiency increase. 
However, the blade concept increases efficiency. When 
pouring a large scoop into the funnel almost no material is 
ejected immediately. The clearance between sieves and 
retainers is critical and must be optimized to allow large 
grains to exit the funnel. When pouring a large scoop (118 g) 
into the funnel, these retainers lead to up to 10 g of additional 
material in the funnel. With this improvement, the sieving 
takes slightly longer as material remains longer on the sieves. 

 
Figure 10: Sample retainer concepts based on pillar 
structures attached to the sieves (A) and blades attached 
to the funnel body (B). 

Overall funnel efficiency—The amount of material passing 
the sieves mainly defines how much material can be analyzed 
by the mass analyzer. Small and large scoops (50 cm3 and 
100 cm3) of LHS-2 extended up to 5 mm grain size were 
poured into the 3D printed, stiffness representative funnel 
with the blade vibrator to measure the efficiency of the 
optimized system. The whole funnel was tilted by 8° to reach 
a sieve angle of 20° as the BB is equipped with the 12° sieves. 
For these efficiency measurements, a retainer concept with 
three blades was used above the first sieve. A precise 
measurement of the sieving efficiency is challenging as many 
factors play a role, e.g. the position where the scoop is 
poured, the pouring height, the vibrator settings, etc. The total 
amount of material ending up in the funnel varied especially 
for large scoops. Six measurements with equal configuration 
led to results shown in Table 1. The overall efficiency for 
small scoops is higher than for large scoops. Some material 
does not reach the sieves themself, when a lot of material is 
present, but rather floats on the material that is still present 
on the sieves. This is especially noticeable on the second 
sieve. This limits the efficiency for large scoops. Most 
material is now lost on the second sieve. Introducing the 
retainers also on the second sieve might lead to a slight 
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improvement. The additional complexity of this second 
retainer is currently deemed unnecessary, thus no second 
retainer is foreseen for the flight design. 

Table 1: Determined sieving efficiencies for the optimized 
funnel design. 

Scoop mass  Average material 
in funnel (range) 

Efficiency 

61 g (small scoop) 29.4 g (29 g – 31 g) 47 % 
118 g (large scoop) 42 g (34 g – 49 g) 35 % 

Verification of the carousel’s functionality 

The design verification for the funnel and brushes cannot be 
measured but are visually analyzed. Excessive material 
accumulation before brushes and inefficient channel cleaning 
has to be avoided. Various configurations were tested to find 
optimal parameters for the design. 

The brush angle with respect to the radial direction can be 
changed from 10° to 50° on the BB. This influences how 
efficiently the dispensed material is pushed outwards towards 
the channel. Small angles lead to slow radial material flow. 
Hence, material accumulates before the brush. An 
unfavorable tilt of the carousel, as can be the result of the 
landing on the lunar surface, can even increase the material 
accumulation. A large brush angle increases the material 
outflow but requires longer brushes or even curved brushes. 
At 40° to 45° brush angles, sufficient material outflow was 
achieved, and no significant material accumulation was 
observed. The distance between carousel and brush (brush 
height) influences the amount of material that will be pushed 
outwards. To ensure that material accumulation before a 
single brush is acceptable and no material spills over the side 
of the brush, a sequence of three brushes with decreasing 
brush height is implemented on the SHS. The sequence of 
brush heights, which created similar material ejection volume 
at each brush, is 0.7 mm, 0.5 mm and 0.4 mm. 

 

Figure 11: Various skimmer geometries that were tested 
on the SHS BB to ensure good sample compaction and 
planarity. Best results were obtained with the 15° flat 
chamfer skimmer, which ensure a flat sample surface and 
sample compaction. 

Various skimmer geometries as shown in Figure 11 were 
tested. The three chamfered skimmers compact the sample 
and simultaneously eject excess material, whereas the knife 

edge skimmer rather cuts excessive material without sample 
compaction and pushes it off the carousel. Due to the brushes 
which already pre-shape the sample material, relatively little 
material must be removed by the skimmer. With a 45° angle 
between skimmer edge and a radial line passing through the 
skimmer, sufficient material flow was observed. As a 
compacted sample is beneficial for LIMS measurements, the 
knife edge skimmer is not considered for all further planarity 
measurements. 

The cleaning brushes remove material from the carousel and 
from within the sample channel. Tests have shown that two 
brushes are required to sufficiently clean the carousel. One 
flat brush cleans the carousel surface (with 0.1 mm 
clearance). The second brush cleans the channel and the 
remaining particles on the carousel surface. The second brush 
is manufactured with a step to reach to the bottom of the 
channel. Some material remains in the channel, but this 
material is covered with pristine regolith material during the 
next sample delivery. Therefore, the channel must not be 
completely empty. For both brushes, the same angle (45°) can 
be used as for the shaping brushes. 

Generally, the empirically determined settings with a 45° 
brush angle, skimmer and two cleaning brushes work well on 
the SHS BB. A test with 699 g of LHS-1 processed by the 
carousel was executed to simulate a complete lifetime. The 
amount equals 20 small scoops or 10 large scoops with an 
estimated funnel efficiency of 50%. The test showed no 
clogging or degradation on the brushes and the skimmer. All 
excessive material was removed, and no long-time material 
accumulation was detected. 

Sample planarity and roughness verification 

Sample planarity and roughness strongly affects the quality 
of obtainable mass spectra by the LIMS instrument. As such, 
a method to quantify and compare sample surface qualities 
prepared by the SHS breadboard system is needed. Several 
constraints and requirements had to be considered when 
designing the measurement system. For one, the loose nature 
of the sample material excluded tactile techniques and 
necessitated the use of optical profilometry techniques to 
determine the sample surface quality. As the profilometer had 
to be integrated into the SHS breadboard, the system had to 
be compact enough to fit onto the breadboard. Additionally, 
the profilometer’s instantaneous field of view (FOV) should 
cover the width of the sample channel (~5 mm), to avoid the 
need for scanning movements and thus speed up the 
measurement. 

A system based on focus variation microscopy was devised 
as it fulfilled all the constraints and was technically and cost-
effectively realizable. 
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Figure 12: The microscope setup developed to measure 
the sample planarity as prepared by the SHS breadboard. 

The principle of operation consists of taking a sequence of 
pictures with a shallow depth of field of the sample surface at 
different distances from the nominal sample surface. During 
data processing, regions of the images which are in focus at 
the respective distance are detected. This allows to construct 
a 3D profile of the imaged surface. The optical design is 
based on a Canon 90D DSLR camera featuring a large APS-
C sensor (22.3 mm x 14.9 mm) compared to commercially 
available industrial vision cameras. This sensor size made it 
possible to comfortably design the microscope optics to 
accommodate for the large FOV with the required shallow 
depth of field. The imaging system of the microscope consists 
of 2.5x achromatic microscope objective (A-Plan 2.5x/NA 
0.06, Carl Zeiss AG) and a corresponding 1x tube lens 
(164.50 mm FL, No. 425308-0000-000, Carl Zeiss AG). For 
illumination of the sample surface, a ring light consisting of 
16 RGBW LEDs (NeoPixel Ring 2855, Adafruit Industries 
LLC) was attached through a 3D printed mounting assembly 
directly to the objective. The assembled microscope was 
mounted to a motorized vertical stage driven by a bipolar 
NEMA17 stepper motor with 200 steps per revolution, as 
shown in Figure 12. By driving the motor in full-step mode, 
a vertical resolution of minimally 2.5 µm between focus 
planes was realized. The stepper motor and the ring light were 
controlled using a microcontroller (Arduino UNO SMD, 
Arduino S.r.l.) combined with an H-bridge driver (Motor 
Shield 1438, Adafruit Industries LLC). The microcontroller 
receives commands from a controlling computer to initiate a 
certain vertical movement. Additionally, the DSLR camera 
was also connected to the computer and could be remote 
operated using the gPhoto21 software package. This allowed 
for fully automated recording of the image sequences. 

Data analysis was performed using a custom MATLAB 
script. Using the externally developed fstack function2, the 
respective in-focus pixels from each image in the focus stack 
could be extracted. A curvature correction using a 3rd degree 
 
1 http://www.gphoto.com 

polynomial function was performed on the height map to 
accommodate for the microscope not being perfectly 
perpendicular to the sample surface. The sample planarity can 
be extracted as the relative number of pixels within a 
predefined height range. 

 

Figure 13: SHS BB setup with the integrated microscope 
for sample planarity measurements. The microscope can 
be positioned using a manual translation stage such that 
the objective is above the sample channel. 

With the microscope system integrated into the SHS BB 
setup, the sample surface quality could be monitored over 
long periods of operation without user interaction. Analysis 
of the obtained image sequences resulted in distributions 
depicting the number of pixels in focus at a certain offset 
from the nominal surface height. Such a distribution for a 
reference sample can be seen in Figure 13. This sample was 
prepared manually in an equivalent fashion to samples which 
were measured by mass spectrometry and found to lead to 
acceptable results. Thus, a sample surface planarity of ±200 
µm is deemed acceptable, as described in [17] as well. As 
comparison a sample with poor surface quality is shown in 
Figure 14. The large central hole is clearly visible in the 3D 
profile as well as in the broader depth distribution. 

Surface planarity of the sample can mainly be influenced with 
the skimmer geometry. The two 45° chamfered skimmers 
(Figure 11) do not differ strongly and are expected to 
generate comparable planarity results, whereas the 15° 
chamfered skimmer is expected to behave differently 
regarding achievable planarity and roughness. 

2 https://github.com/joe-of-all-trades/fstack 
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Figure 14: An example of a sample with poor sample 
surface quality as measured by the microscope setup. 
Panel A shows the focus-stacked composite image, for 
which the height profile is shown in panel B. The hole in 
the center of the region of interest (ROI) causes a wide 
sample height distribution (Panel C), and thus classified 
as poor sample surface quality. 

Each skimmer was tested using an identical measurement 
procedure. The recorded image stacks consisted of 31 
individual focus layers with step sizes of 75 µm, resulting in 
a total movement of 2.25 mm. During 1.5 carousel 
revolutions, a total of 160 height distributions were recorded. 
Brush heights and orientations are set to the previously 
optimized values. As sample material LHS-1 with a grain size 
distribution up to 1 mm was used. 

The planarity measurement was started after a first initial 
rotation of 225° (~375 mm distance along the 
circumference), allowing for the channel to fill up with 
regolith simulant. After additional 25° (~40 mm distance) of 
rotation, the surface quality starts to rise, as can be seen in 
Figure 15. At this point, the filled part of the channel reaches 

the microscope. Rotating the carousel 25° further, the 
planarity is reaching a steady state. Clear differences between 
the 45° skimmers to the 15° skimmer are noticeable. The 15° 
skimmer prepared an average of 99% of the sample material 
with height variations less than the required ±200 µm. For the 
sample material prepared by the 45° skimmers only 95% of 
the analyzed area lies within the requirements. 

 

Figure 15: Measured percentage of the sample generated 
by different skimmer geometries that lie within the 
requirements. 

Additionally, to the different skimmer geometries, the 
influence of potentially larger grain sizes on the sample 
height distribution was investigated. This is relevant since 
our tests revealed the possibility of elongated regolith 
particles with one dimension larger than the smallest sieve 
size (1 mm), to fall. For this purpose, the well-performing 15° 
skimmer was used to prepare a sample using LHS-2 regolith 
simulant, which was sieved with the funnel BB. A 
comparison of the results obtained with LHS-1 and sieved 
LHS-2 are shown in Figure 16. The average number of 
measured height profiles with a planarity within requirements 
decreased by 2% to 97% for the sieved LHS-2. In general, we 
observed that larger grains led to difficulties while preparing 
the sample. The larger grains preferentally get stuck in the 
carousel structures and cause grooves and holes within the 
sample surface, if they are pulled along as the carousel 
rotates. 

 

Figure 16: Planarity comparison between simulants of 
different maximum grain sizes. 

As the sample preparation must work reliably even with 
lander tilts up 10°, planarity measurements were performed 
with the SHS BB being tilted 10° and 20°. At 10° tilt, the 
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material flow on the carousel does not differ from the flat (0° 
tilt) tests. No material accumulation before brushes could be 
detected. At 20° inclination, a slight accumulation before the 
first shaping brush was observed. The material must be 
pushed upwards against gravity, which hinders the material 
outflow. It should be noted that this effect depends on the tilt 
direction. Performed planarity measurements, in both 
configurations using the 15° skimmer, showed no noticeable 
difference to the measurements performed with a flat SHS 
BB. 

4. SUMMARY 
In this contribution we present the challenges encountered 
while designing a Laser Ablation Ionization Mass 
Spectrometer (LIMS) to be launched on a CLPS mission to 
the lunar south pole for the in-situ chemical analysis of lunar 
regolith. Extensive design changes had to be carried out 
compared to our previous publications [16], [17], to ensure 
strict compliance with mechanical launch loads as described 
by NASA’s GEVS. This required the introduction of a 
monolithic main support structure fabricated from AlBeMet 
AM162 to ensure high stiffness and thus low load 
amplifications at the subassemblies. 

The instrument’s sample handling system (SHS) has been 
extensively optimized, tested and validated using lunar 
regolith simulant. The tests performed with different funnel 
geometries led to optimized designs for all funnel elements 
such as funnel angle, funnel nozzle geometry and sieve 
vibrator mounting. The funnel geometry must be carefully 
chosen to avoid clogging effects, such as ratholing or 
bridging, and has to take into account the mechanical 
properties of the sample material, with the overall goal to 
increase the scientific return of the mission. 

For the SHS carousel an efficient configuration of brushes 
and skimmers was found. This makes preparation of a planar 
sample surface possible, as it is required for stable laser 
ablation conditions using LIMS. The overall system has been 
tested and validated for lander tilts up to 10°. 
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3 From the Laboratory to the Moon: The CLPS-LIMS Instrument

3.4 Electronics Unit (ELU)

In the following section, I provide a more detailed overview of the circuit boards within
the Electronics Unit, of which the Elegant Breadboards (EBB) have been tested within
the scope of this thesis.

3.4.1 Read-Out Electronics (ROE)

The acquisition system of the CLPS-LIMS instrument consists mainly of two parts: the
detector with the mass analyser and the analogue to digital converter (ADC) responsible
for digitising the acquired signal. These two systems are connected via 50Ω impedance
matched transmission lines to minimise signal distortions of the high bandwidth TOF
signal.

The instrument’s detector consists of two microchannel plates (MCP), which are mounted
in a Chevron configuration. The detector design is based on a previous realisation for
the laboratory LIMS instrument (Andreas Riedo, Tulej, et al. 2017). They register the
impacting ions via secondary electron emission of the channel surfaces and this electron
signal is amplified by further secondary electron emission, while a bias voltage of about
2 kV is applied across the MCP stack. The generated electrons are captured by an
anode and conducted via a transmission line to the ADC, where a measurable voltage is
generated over the 50Ω termination resistor. Capturing the electrons from the MCP on
the anode is aided by an additional bias voltage of −300V that is applied between the
output side of the MCP stack and the anode, accelerating the generated electrons towards
the anode. The MCP models manufactured by Photonis Scientific Inc., used for the
laboratory and flight models of the CLPS-LIMS instrument, have already a long-standing
heritage within the LIMS laboratory instrument on which the mass analyser is based
on. The MCPs have an active area with a diameter larger than 40mm (outer diameter
of 50mm) and have a 7mm diameter central whole, through which the ions from the
entrance ion optics are guided. The plate’s channels have a diameter of 8µm with a bias
angle of 8◦ and a L/D ratio of 60:1.

The detector anode consists of two electrically isolated, impedance matched concentric
rings. This design is inherited from the LMS instrument (Andreas Riedo, Tulej, et al.
2017), allowing for an increased dynamic range, as the signal from one electrode can be
subjected to high gain pre-amplification before digitisation. Thus, ion species with a low
abundance can be detected with that channel. The signal from the second electrode is
not amplified. Consequently, the signals with higher intensities can be simultaneously
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3 From the Laboratory to the Moon: The CLPS-LIMS Instrument

digitised without saturating the ADC. Detectors within ion-optical systems can be
designed in two realisations: floating or non-floating. By having a floating detector, the
whole detector assembly can be biased with respect to the other parts of the ion-optical
system, allowing for more degrees of freedom in designing the ion-optical system. A
disadvantage from this design is, that the signal lines must be AC coupled towards the
data acquisition system to block the DC bias voltage. This necessitates HV decoupling
capacitors on the detector itself, which typically have poor high-frequency characteristics
and thus distort the ion signal. The ion-optical design of the laboratory LIMS system and
thus also CLPS-LIMS mass analyser makes it possible to reference the detector to ground,
meaning that the signal lines from the anodes can be DC connected to the acquisition
electronics, as HV decoupling is not necessary. This design choice reduces the complexity
of the detector significantly and ensures in the end a better signal quality than a HV
AC coupled system could deliver. As the anode rings are impedance matched microstrip
lines, the signal can be routed in a double-ended manner as a 100Ω differential signal to
the acquisition system, with the full current being measured. For simplicity and to rely
on the heritage of the laboratory LIMS instruments, a 50Ω single-ended architecture
was implemented. For this one end of the anode is terminated with a 50Ω resistor
on the detector board. The other end connects to the transmission line towards the
acquisition system. A SPICE1 model of the signal path is shown in Figure 3.1. An anode
ring is modelled as the transmission line T2 with a characteristic impedance Z0 = 42Ω,
which is given by the specific geometry of the ring. The anode is terminated with a
matched resistor R2 of the same value. The transmission line T1 with a characteristic
impedance Z0 = 50Ω is the coaxial signal cable to the ROE, where the transmission line
is terminated by another matching resistor. The transient simulations showed no ringing
with this design.

Figure 3.1: Simplified signal path of the detector system from the detector anode to
the termination resistor of the acquisition system.

1Simulation Program with Integrated Circuit Emphasis. A programme with which the static and
transient behaviour of electrical circuits can be simulated.
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Figure 3.2: Block diagram of the Read-Out Electronics (ROE) showing the interfaces
to the other sub-systems of the CLPS-LIMS instrument.

On one hand, the single-ended termination reduces the design and implementation
complexity on the acquisition system side, as readily available designs for 50Ω systems
can be used. Additionally, only one coax cable per anode ring must be routed from
the detector to the acquisition system. The downside of this design is the loss of half
the signal within the termination resistor of the anode. This compromise was deemed
acceptable, as the lost signal can be compensated by increasing the gain of the MCPs by
increasing their bias voltage during operations.

As this overall design has been extensively tested within laboratory studies over more than
a decade (A. Riedo, Bieler, et al. 2013), adoption of it for the CLPS-LIMS instrument
meant a significant reduction in development time and risks.

The acquisition system consisting of ADC and associated frontend electronics, meaning
signal transmission line termination, preamplifiers and filters, control electronics, such as
an FPGA and memory for the digitised spectra, are located on the Read-Out Electronics
(ROE) board. A block diagram how the electronic components integrate into the CLPS-
LIMS instrument is shown in Figure 3.2.

In TOF Mass Spectrometry the beginning of a mass spectrum must be synchronised
to a specific instance in time at which the generated ions are launched into the mass
spectrometer for separation. In case of LIMS, this is the firing of the laser pulse. The
laser used in the CLPS-LIMS instrument is a passively Q-switched laser, which can
provide laser pulses on demand, but with 100s of µs variance in firing time. To obtain a
reliable start pulse, a trigger signal generated by a photodiode within the laser head box
is fed back to the ROE, allowing for precise synchronisation of the start of an acquisition.

Besides simple digitisation of single mass spectra, to reduce the downlink data rate of
the instrument, it is important to have the possibility to co-add spectra from multiple
laser shots into one spectrum. This resulting spectrum will have a better SNR and can
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then be downlinked to Earth, reducing the data rate requirements by a factor of 1/N
where N is the number of co-added spectra.

After digitisation, the spectra are stored in memory located on the ROE and can be
downloaded to Earth via the Data Processing Unit (DPU).

In addition to these classical functions of a high-speed digitiser, the ROE is responsible
for controlling the rotation of the sample handling system carousel and is thus directly
connected to the SHTC. This design choice was driven by the fact, that the ROE contains
the only FPGA within the instrument. For the control of the carousel stepper motor
drivers, pulse sequences with precise timings are necessary, which can be generated by
said FPGA.

Based on the required described functionality, the following requirements have been
derived for the ROE’s design:

1. The sampling rate of the ADC must be sufficiently high to have enough samples
per peak within the spectrum to allow for good quantification. The ion-optical
design can produce peaks with FWHM down to about 2 ns. For integration of such
a peak, with low errors, it is necessary to have at least 3 sample points. This leads
to a minimal sampling rate of 1.6GS s−1 per channel.

2. The bandwidth of the channels shall be ≥0.7GHz, so that signal degradation
such as slower rise and fall times and thus peak broadening can be avoided. The
bandwidth must be low-pass filtered depending on the chosen ADC sampling rate
to fs/2 to avoid aliasing effects according to the Nyquist-Shannon theorem.

3. For increased instantaneous dynamic range, the acquisition system must have to
separate channels with differing gains to which each one of the anode rings is
connected. The high gain (HG) channel shall have a full-scale range (FSR) of
−100mV to 0mV for the detection of trace elements. The low gain (LG) channel
shall have an FSR of −2V to 0V for the simultaneous detection of major species.
As both channels will be subject to roughly the same input signal, depending on
the ion-optical voltage set, the HG channel must be able to withstand −2V signal
without damage or loss in performance.

4. Ion flight times within the MA up to m/z 250 with commonly used voltage sets are
about 10µs. With margin, this leads to a minimum spectrum length of 12µs.

5. For the co-adding procedure to not reduce spectral quality it is important to
minimise the timing jitter between spectra to be co-added. Added jitter will
increase the FWHM of the peaks in the histograms, which directly translates into
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a reduction of mass resolution, and hence the detection sensitivity of the system.
The mass analyser is expected to produce peaks with FWHM of down to about
2 ns, as the width of a detected ion packet is limited by the laser system’s pulse
width of about 1.5 ns. This leads to the requirement for the peak-to-peak timing
jitter from trigger input signal to the start of the acquisition, to be roughly an
order of magnitude smaller, so that it can be neglected. Thus, the peak-to-peak
jitter shall be ≤300 ps.

3.4.2 DCDC Board

The instrument is supplied by the spacecraft (S/C) with unregulated (+28± 4)V DC
power. For the operation of the instrument electronics, multiple regulated DC voltages
are necessary. It is the DCDC board’s purpose to generate a general set of regulated
voltages, which can be used by the other electronic modules of the LIMS ELU to generate
point of load voltages as required (e.g. special voltages required by the ROE FPGA and
ADC). Additionally, the DCDC board provides galvanic isolation from the S/C, and
filters conducted electromagnetic emissions (EMI), both originating from the S/C and
the downstream DCDC converters.

The DCDC board shall fulfil the following simplified list of requirements:

1. Provide inrush current control on the S/C input. This is required to limit the
initial current draw of the instrument at power up in accordance with the limits
imposed by the S/C manufacturer.

2. Provide a commonly used set of voltages, namely +12V, +5V, −5V and +3.3V.

3. Provide a galvanically isolated +12V voltage with additional EMI filters on the
output. This separate voltage line is used by the laser electronics, as its operation
is expected to generate a substantial amount of noise on the power line. To not
couple this noise into other subsystems, a separate isolated voltage line is required.

4. The DPU shall be able to switch the voltages on and off on command. A separate
3.3V unswitched output shall be provided to power the DPU. This allows to power
only the DPU in certain operation modes to reduce the overall power consumption
of the CLPS-LIMS instrument.

5. The DCDC board shall provide HK data (output voltages, output currents, compo-
nent temperatures) to the DPU.
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3.4.3 HV/LV Power Supply

For the ion-optical system of the mass analyser to work, 12 independently regulatable
DC low- and high voltages are necessary, which are supplied by the High Voltage Power
Supply (HVPS). These are feeding the electrostatic lenses, as well as supply the bias
voltage for the MCPs within the detector. In this context, voltages up to ±500V are
named low voltage, and voltages up to −2500V are denoted as high voltage. The expected
output currents of the channels are in the range of 10µA, as the only expected current
draw happens when the ion-optical elements, respectively their parasitic capacitance, is
subjected to a change of potential. The MCPs do have a resistive load component of
about 30MΩ and thus a current draw of about 100µA during operation. The respective
voltage regulators must be sized accordingly.

The HVPS interfaces with the DPU using a Serial Peripheral Interface (SPI) bus. Using
that bus, the DPU can set the requested output voltages and read back the measured
output voltage, as well as housekeeping data.

The requirements for the HVPS channels are summarised in Table 3.1. They are based
on values from voltage sets that are used on the laboratory LIMS instruments. As the
ion-optical designs of the laboratory and flight instruments are nearly identical, this
serves as a good base for the requirement specification.

Table 3.1: Summary of the required specifications for each HVPS channel with regard
to voltage range and current consumption.

Channel Name Operating range Typical Current Consumption

Backplane (BP) 0V to 500V 10 µA
Reflectron 5 (R5) −100V to 100V 10 µA
Reflectron 4 (R4) −100V to 100V 10 µA
Reflectron 3 (R3) −100V to 100V 10 µA
Reflectron 2 (R2) −200V to 0V 10 µA
Reflectron 1 (R1) −200V to 0V 10 µA
Drift Tube (DT) −1500V to 0V 10 µA
Ion Snorkel (IS) −500V to 0V 10 µA
Ion Lens (IL) −2500V to 0V 10 µA
Ion Acceleration (IA) −2500V to 0V 10 µA
MCP Front (DF) −2500V to 0V 100 µA
MCP Back (DB) −500V to 0V 100 µA
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Recorded mass spectrum of the first laser shot fired with the fully assembled CLPS-LIMS
EFM test setup in December 2024. The sample is 1.4435 stainless steel. The visible
major peaks are 23Na+, 27Al+, 39K+, 52Cr+ and 56Fe+, with the first three species being
surface contamination.

4 Commissioning and Testing of the
CLPS-LIMS Engineering Model

This chapter describes the commissioning and tests performed with various engineering
models of different CLPS-LIMS subsystems. Additionally, a description of the used test
setups and tools is given.

At the current stage of the project, enough subsystems were already procured in en-
gineering quality to assemble a representative instrument to characterise the expected
performance of the flight version. In addition, these tests serve to find design and
manufacturing mistakes within the subsystem, so that they can be corrected for the
future models. A third important goal is to gain hands-on measurement experience with
the instrument, which shapes and refines the Concept of Operations design.

4.1 The EFM Test Setup

For the CLPS-LIMS project, a separate thermal vacuum chamber (TVC) has been
designed and commissioned, which has the necessary volumetric capacity to house the
assembled flight-like SMU and additional supporting components. The test setup is
meant to evolve as the project progresses and more and more mature subsystems become
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Table 4.1: Overview of the tested subsystems and their maturity levels.
Subsystem Abbreviation Maturity

Mass Analyser MA EFM
Optical Sub-System OSS EBB+
Read-Out Electronics ROE EBB
DC/DC Converter DCDC EBB
HV Power Supply HVPS EBB

available for testing. The current iteration of this setup is named the “EFM Test Setup”,
due to the mass analyser engineering functional model (MA EFM) being one of the
central devices under test (DUT).

In Table 4.1, an overview of the subsystems tested, and their maturity level is given.
Subsystems that were not part of the testing procedure are the sample handling system
(SHS) and the associated Sample Handling and Thermal Control board (SHTC), the
flight-like Laser Electronics (LE), and the Data Processing Unit (DPU). The required
functionality of these systems was replaced by appropriate laboratory equipment.

A block diagram of the DUTs and the necessary support equipment is shown in Figure 4.1.
Housed within the TVC are the MA EFM and the OSS EBB+ including the Laser
Head Box (LHB). The flight-design SHS with the sample carousel is replaced by a
piezoelectrically actuated XYZ linear translation stage. This allows to mount different
sample holders with various samples, which are used for performance characterisation
and calibration measurements. The MA itself is not mounted to a monolithic support
structure as during flight, but instead a simplified mounting jig has been designed and
implemented.

As the EBB versions of the instrument’s electronic subsystems are not built for operation
in vacuum, they are placed outside the TVC. Electrical connections between MA, OSS,
and the electronic subsystems are realised through various vacuum feedthroughs.

The DCDC, HVPS and ROE are the main electronic subsystems, that are evaluated
using this test setup. The DCDC is used to supply electric power to the HVPS and
ROE. Since the DPU, LE, and SHTC are not powered by it the DCDC is not tested
for the full power level. Tests of the HVPS are fully representative, as the ion-optical
design of the MA is flight-like. This holds also true for the ROE. The LE is based on the
commercial electronics of the laser manufacturer and thus is not fully representative of
the flight design. It does have the necessary and compatible interfaces to be connected
to the ROE, thus the interoperability between the two subsystems can be verified.
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Figure 4.1: Overview of the EFM test setup with the sub-units under test marked in
orange and additional support equipment marked in grey.

As no DPU is part of the setup, a control PC communicates with all the subsystems
using the appropriate interfaces. For communication with the DCDC and HVPS, an
EGSE box supplied by the subsystem manufacturer is utilised.

In the following subsections, the implementation of the sub-units and their tests are
discussed in more detail.
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4.1.1 Mass Analyser EFM

The used MA EFM, as shown in Figure 4.2 is, with regard to performance critical
components, fully representative of the flight version. The optical entrance window
was manufactured within the same batch as the window that will be used during flight.
Thus, it is expected that the windows have the same optical transmission and same
ion-optical performance. The ion-optical system design has been frozen before the EFM
was manufactured. Electrode distances and shapes are therefore representative of the
flight model. This includes the ceramic insulators between the electrodes. Changes are
only expected, if issues arise during testing, that cannot be solved without changing the
ion-optical design. The electrical design of the detector anode and MCP bias circuit are
also not expected to change in the future.

Figure 4.2: The CLPS-LIMS MA EFM, integrated and ready to be installed within the
Artemis TVC setup for testing. The outer structure is the storage jig, which allows for
safe handling and storage within a desiccator.

The MA EFM only differs in the outer, ion-optically non-active, shape of the drift tube,
as the mechanical mounting between MA EFM and future models is different. Note, that
in contrast to the other electrodes, the MA EFM drift tube is not gold coated. This
was deemed an acceptable trade-off between production costs and representativeness.
The coating improves the electrical conductivity of the ion-optical surfaces in order to
dissipate local charges due to impinging ions quickly. As the ion flight paths are well
confined within the drift tube, negligible collisions with the drift tube surface are expected
to occur, thus no significant performance impact is expected from this difference. The
MA EFM mounting system has been designed to allow for integration in the ORIGIN
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setup as well as into the Artemis TVC. This allowed for earlier testing and validation of
the ion-optical design with the ORIGIN setup, before the TVC was fully commissioned.
In contrast, the flight MA mounting design is optimised for integration into the AlBeMet
Main Support Structure (MSS) and for conformance to NASA’s General Environmental
Verification Standard (GEVS) mechanical vibration levels and shock loads (General
Environmental Verification Standard (GEVS) for GSFC Flight Programs and Projects
2021).

4.1.2 Optical Sub System EBB+

The OSS EBB+ as shown in Figure 4.3, consists of a flight-like and environmentally
qualified Laser Head Box (LHB), and a beam guiding system, whose output, i.e. the
characteristics of the beam in the focal spot, matches the requirements for sample ablation
and ionisation. The output energy of the LHB can be modified in a range of 10% to
100% by adjusting the temperature of the SHG crystal. For the dynamic attenuation
range to lie within the range needed for ablation and ionisation, static ND filters are
placed after the output of the LHB. The OSS EBB+ is equipped with an absorptive
neutral density (ND) filter with a transmission of 31.6% (ND0.5), limiting the laser
energy measured after the last optical element to 7.9 µJ.

Figure 4.3: Image of the OSS EBB+ taken during its incoming inspection from the
manufacturer. The tube mounted on the laser output contains ND filters, which are
used to statically attenuate the laser beam, so the dynamic attenuation range can be
optimised, so that the pulse energy range covers the required values for laser ablation
and ionisation.
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Figure 4.4: Beam profiles around the focal spot of the OSS EBB+ (A) and the OSS
EQM (B). The 1/e2 beam diameter is marked by the white lines.

No significant changes are expected to the LHB, and thus it can be seen as fully
representative with regard to its optical parameters, such as pulse energy and stability,
dynamic attenuation performance, and beam shape. In contrast, the beam guiding and
shaping system is expected to be different in future models. This is mainly driven by
difficulties of achieving compliance with GEVS loads with the current EBB+ design.
Positioning of the optical elements is optimised, which allows for smaller optical elements
overall. This reduces the size and mass of the optical holders, minimising the risk of
slippage when subjected to high vibrational loads, thus achieving GEVS compatibility
for the OSS. In addition, this design change will improve the optical performance of the
OSS. Spherical aberrations present in the OSS EBB+ are minimised, leading to a more
symmetrical beam profile around the focal spot as demonstrated through simulations.
The beam profile of the improved EQM design has a significant reduction of side lobes,
as shown in Figure 4.4, thus making the ablation and ionisation conditions above and
below the focal spot symmetrical. The minimal beam waist remains unchanged at about
17µm.
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4.1.3 Read Out Electronics EBB

Based on the required functionality and the technical requirements described in Chapter 3,
the manufacturer has designed and built three identical ROEs in EBB quality for testing
and verification of the design. The ROE EBB with serial number 3 is shown in Figure 4.5.

FPGA
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LG Input Flash 
MemoryHG Input
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+
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TDC

Debug IF

Power IF Backplane IF SpW IF

Figure 4.5: Top view of the ROE EBB S/N 3 with the most important sections and
components marked. Under the EMC cover labelled “Frontend+ADC”, the input LNAs,
filters, and the high-speed ADC is located. The “Clock” EMC cover houses the main
crystal oscillator and the clock generation IC.

The signal digitisation is performed by a Texas Instruments ADC12D1620QML high-
speed ADC, which offers 12-bit resolution and 1.6GS s−1 on two independent channels,
allowing for the implementation of the LG and HG channel concept with a sufficiently
high sampling rate for the expected signals. The ADCs inputs are fully differential with
full-scale input ranges (FSR) of ±400mV.

The implemented signal frontend as shown in Figure 4.6 serves mainly two purposes. It
provides amplification in case of the HG channel or attenuation in case of the LG channel
to match the expected input signal amplitudes to the FSR of the ADC. Additionally,
it converts the single-ended signal from the anode into a differential signal that can be
processed by the ADC. Signal level adjustments and differential conversion are provided
by two Texas Instruments LMH5401-SP low-noise amplifiers (LNA), one per input
channel. The amplifier on the LG path is configured with a gain of −8 dB, providing
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Figure 4.6: Simplified schematics of one channel of the ROE EBB frontend. The
over-voltage (OV) protection diode is only placed on the HG channel.

sufficient attenuation by a factor of about 0.4 to match the −2V to 0V input signal to
the FSR of the ADC. The HG amplifier is configured to provide 18 dB (factor about 8)
of amplification, which matches the expected input signal of −100mV to 0mV to the
FSR of the ADC. To avoid overdriving the HG LNA with signals greater than −100mV,
a fast, low-capacitance protection diode is placed in that signal path, which clamps the
input signal before reaching the LNA. The amplifier gain-bandwidth product is specified
with 6.5GHz. Under optimal conditions, even with a gain of 18 dB of the HG channel, a
bandwidth of 0.8GHz should be achievable with this amplifier. It shall be highlighted
that the ADC expects bi-polar signals centred around 0V. This contrasts with the actual
input signals provided by the detector. They are predominantly unipolar extending into
the negative voltage range, as the detector only provides electrons. To be able to utilise
the ADC’s full range, including the positive range, the frontend electronics must apply a
DC bias, shifting the amplified or attenuated signals, such that their expected midpoints
are at 0V. To keep the DC biased frontend design simple, the input signals are AC
coupled into the frontend with a high-pass cutoff frequency of 10 kHz. After this signal
conditioning, both signal paths are routed through 4th order low-pass Butterworth filters
in Cauer topology with a cutoff frequency of 700MHz to suppress aliasing effects during
digitisation.

The control logic of the ROE is implemented on a Microchip RTPolarFire RTPF500T
FPGA. It interfaces with the ADC over a parallel LVDS bus. Towards the DPU a
SpaceWire interface is provided. Additionally, it controls all the peripherals found on the
ROE as well as the SHS carousel drivers, which are located on the SHTC board. As the
FPGA is reprogrammable, a JTAG interface is provided for that purpose. Attached to
the FPGA, are 16Gbit flash memory provides storage for the recorded spectra before
downloading.
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The requirements of the ROE specify a peak-to-peak jitter between the laser synchro-
nisation signal and the beginning of a spectrum to be < 300 ps. The ADC has the
possibility to process an external trigger signal and mark the sample at which it was
registered. This mark could be evaluated by the FPGA and use the corresponding
sample point as the first in the spectrum. Since with this solution the obtainable trigger
jitter is directly derived from the ADCs sampling rate of 1.6GS s−1, the jitter cannot be
lower than ±312.5 ps, which corresponds to fs/2. Thus, an alternative solution utilising
a Time-to-Digital converter (TDC) was implemented. A TDC can measure the time
difference between two signal edges to a very high resolution. In case of the chosen
Magics TDC00002, a resolution of <8 ps can be obtained. Using this architecture, the
continuously read out samples from the ADC are stored within a ring buffer on the
FPGA. The TDC is configured to measure the delay between the laser synchronisation
signal and the next ADC sampling clock edge. Using this delay, the FPGA can align the
spectra in time domain to each other in such a way that their respective zero-th sample
point matches the time the laser was fired, as this marks the beginning of the spectrum.
The alignment itself is done in two separate steps. To achieve a jitter better than fs/2, a
sub-sample alignment must be performed. For this, four digital fractional delay (FD)
filter stages based on all-pass finite-impulse response (FIR) filters with phase delays
of 312.5 ps, 156.25 ps, 78.125 ps, and 39.0625 ps are implemented in the FPGA. Using a
lookup table, depending on the measured subsample delay by the TDC, the appropriate
FD filters are activated. During coarse alignment, the FPGA shifts the fractionally
delayed spectrum by full samples to remove the non-fractional delay introduced by the
FIR filter architecture.

4.1.4 HV Power Supply EBB

The implemented design for the HVPS EBB is based on the generation of internal fixed
low- and high-voltages which are connected via linear regulators to the output channels.
All channels can source and sink current; thus, they are able to compensate for unwanted
shifts in the ion-optical electrode voltages due to potentially impacting ions.

Internally, three low voltages (−250V, −125V, and +125V) are generated by a switched
DC/DC converter and a transformer with 3 secondary coils (“LV transformer” in Fig-
ure 4.7). Depending on the required output voltage range of the LV channels, the
appropriate LV power supplies are connected to the high and low side of the regulators,
thus achieving full four-quadrant regulation for the bi-polar channels and two-quadrant
regulation for the unipolar channels.
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Figure 4.7: Top view of the EBB HV Power Supply board with the most important
components and interfaces annotated.

The internal high voltages of −3600V and +600V are generated by a transformer-based
DC/DC converter followed by two separate voltage multiplier cascades. Regulation is
achieved by controlling two high-voltage optocouplers serving as linear regulators.

The MCP Front (DF) and Back (DB) channels are implemented in a way that controlling
the DB voltage does not affect the voltage difference over the MCP stack, since UDF =

UDF,set + UDB,set. This allows to set the bias voltage between MCP stack and detector
anode (DB) without changing the MCP gain, which is dependent on the voltage across
the stack ∆UMCP = UDF − UDB.

4.1.5 DCDC Converter EBB

The DCDC EBB has been implemented based on the stated requirements in the previous
chapter. A simplified block diagram is shown in Figure 4.8 and the actual board can
be seen in Figure 4.9. The basic architecture is based on multiple DC/DC switching
converters to provide the necessary output voltages of +12V, +5V, −5V, and +3.3V.
Additional monitoring and switching circuits allows for measuring the output voltages and
currents, as well as selectively disabling some voltages for low-power standby operations
of the CLPS-LIMS instrument.
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Figure 4.8: Simplified block diagram of the DCDC EBB showing the general architecture
of the voltage supplies.

The (+28 ± 4)V DC input voltage supplied by the spacecraft is routed through an
in-rush current limiting and overvoltage protection circuit. The former is to avoid any
current spikes while powering on the instrument, which could trip overcurrent limits
on the spacecraft and thus cut the instrument’s power off. Overvoltage protection is
implemented to protect the instrument from any potential voltage spikes originating from
the spacecraft. Since the used DC/DC converters can back-feed noise into the S/C, an
DVMC28 EMI filter from VPT, Inc. is placed between the protection circuity and the
converters.

The utilised DC/DC converters are also commercial off-the-shelf (COTS) parts from
VPT, Inc. (USA), allowing for a reduction in the development risk and cost of the DCDC
EBB. In total, 5 such converters are needed to generate the output voltages. The +5V,
−5V, and +12V voltages are generated directly from the unregulated, filtered +28V

input voltage. An additional DC/DC converter is generating the isolated +12V supply
for the laser electronics, in order to avoid coupling of noise from the laser electronics
into the other power lines. All these converters which are fed by +28V are galvanically
isolating, thus separating the S/C primary side from the instrument secondary side.

The +3.3V supply is generated by a non-isolated buck converter from the +5V supply.
The +3.3V supply is split into two outputs: one is in an always-on configuration,
supplying the DPU. This allows the DPU to boot once the instrument is powered by the
S/C. The other +3.3V output, as well as all other outputs are switched and are only
active if commanded by the DPU.

All output voltages and currents, as well as a temperature sensor placed on the board,
are monitored and provided in the housekeeping data.
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Figure 4.9: Top view of the DCDC converter board. The spacecraft will supply +28V
via the “S/C Power” connector. DC/DC converters provide the necessary regulated
voltages to operate the instrument. Via the “Power I/F” connector the output voltages
are distributed to the other CLPS-LIMS ELU boards. HK busses and digital signalling
are routed via the “Backplane IF” connector.
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4.1.6 The Artemis TVC

For CLPS-LIMS testing activities, a new thermal-vacuum chamber (TVC) was designed,
built, and commissioned, called the Artemis TVC, which is shown in Figure 4.10. In its
current iteration, it is suited for housing the MA EFM and OSS EBB+ with a laboratory
sample stage instead of the flight SHS design, as well as a radiative heat exchanger to
remove any excess heat from the OSS. In the future, the Artemis TVC will be adapted to
house the full flight-like Spectrometer Unit (SMU), including reservoirs for lunar regolith
simulant that can be dispensed into the SHS’s funnel and LN2 shrouds for simulating
lunar temperature conditions.

The TVC has internal dimensions of 0.66m× 0.62m× 0.72m, and thus a total volume
of 0.31m3. It is mounted to a frame assembled from aluminium extrusion profiles, which
provides additional mounting areas for the accessories needed to operate the setup. To
create the vacuum levels of <5×10−7 hPa, necessary to operate the MA, a HiPace 300 M
(Pfeiffer Vacuum AG, Switzerland) turbomolecular pump, backed by a HiScroll 12 scroll
pump (Pfeiffer Vacuum AG, Switzerland) is attached to the chamber. The pressure in the
vacuum chamber is monitored by a PKR 360 (Pfeiffer Vacuum AG, Switzerland) Pirani
and cold cathode pressure gauge. It is connected to the interlock system of the HVPS,
ensuring that high voltages can only be applied at low enough pressures, preventing
damages to the system due to operator error or sudden vacuum loss.

Figure 4.10: The CLPS thermal vacuum chamber (TVC) in which the engineering
models of the SMU are tested. In the back the power supplies, read-out electronics, and
other necessary accessories are visible.
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Figure 4.11: CAD model of the Artemis TVC in its current version for testing the MA
EFM showing the internal mounting structure of the components.

Within the TVC, all structures are mounted to a supporting frame or a custom baseplate
that is connected via studs to the vacuum chamber.

The OSS EBB+ and MA EFM are mounted to a connecting plate, ensuring the correct
alignment of the two subsystems to each other. Above the OSS a heat exchanger
is mounted, which couples radiatively to the OSS and can be cooled or heated by a
thermostat outside the chamber. Below the MA, the XYZ linear translation stage can
move an exchangeable sample holder for accurate positioning of the sample material
within the system’s laser focus for chemical composition analysis by mass spectrometry.

For future tests regarding magnetic susceptibility of the MA, an engineering model of
the SHS drive motor was mounted at the same distance to the MA as it will have within
the MSS. These tests should validate that the ion-optical system is immune to potential
magnetic stray fields originating from the motor.
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4.1.7 Electronic Support Equipment and Software

A space instrument is meant to be operated within the boundary conditions of a supporting
spacecraft. The spacecraft is responsible for providing power to the instrument and a
datalink through which it can communicate with the ground-based infrastructure. As no
spacecraft is available during laboratory-based testing, additional devices substituting
the functionality normally provided by the spacecraft are needed. In this context, these
are summarised under the term Electronic Ground Support Equipment (EGSE).

The main component missing from this setup, whose functionality is indispensable to
operate the instrument, is the DPU with a running application software. As the DPU is
responsible for communicating with and controlling all the different electronic subsystems,
appropriate replacements or simulators must be employed, which emulate the DPU’s
tasks.

The DCDC and HVPS can be controlled via a basic web-based interface, which runs
on the EGSE box provided by the manufacturer. It allows for switching the different
subsystems on and off and, in case of the HVPS, setting the requested voltages by
communicating with the appropriate DACs and ADCs via an SPI bus. HK data can also
be displayed and are additionally stored in an InfluxDB1. The stored HK data can be
visualised using a Grafana2 frontend.

The ROE uses a high-speed SpaceWire bus to communicate with the DPU, as high
volumes of science data will be downlinked via this interface. To substitute the bus
electrically, a SpaceWire Brick Mk4 (STAR-Dundee Ltd., United Kingdom) was used,
connecting the ROE to a standard PC via USB. As the ROE was not supplied with any
user-facing software by the manufacturer, the software library roe-client was designed
and implemented in Python3 based on the ROE’s firmware documentation. On a low-level,
the library implements the SpaceWire RMAP4-based interface, through which the ROE
can be commanded. Based on the protocol implementation, higher level functions that
abstract away common operations, such as startup and calibration of the ROE’s systems
and acquisition of spectra, were added. These functions allow the user to write scripts,
that execute measurement procedures repeatably. On top of the roe-client library

1InfluxDB is a time-series database (TSDB) meant to store arbitrary values, primarily indexed by time
of write. https://www.influxdata.com/products/influxdb-overview/

2Grafana is a web-based visualisation platform, to display data stored e.g. in TSDBs. https://grafana.
com/oss/grafana/

3Python is an interpreted programming language. https://www.python.org/
4SpaceWire RMAP is a remote memory access protocol within the SpaceWire protocol stack. It allows

for a SpaceWire node to access, read and write mapped memory of a remote SpaceWire node. It is
standardised within ECSS-E-ST-50-52C.
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Figure 4.12: Overview of the EBB electronics as connected to the CLPS-LIMS thermal
vacuum chamber. On the right, the HVPS, DCDC, and ROE are stacked and enclosed
in the metal frame. On the left, the EGSE for the HVPS and DCDC is visible.

the graphical user interface (GUI) roe-client-gui based on PyQt5 was developed. A
screenshot is shown in Figure 4.13. The GUI allows setting up a basic measurement cycle
and initiate the acquisition of spectra, which are displayed to the user in real-time. The
acquired TOF spectra are stored on disk for further analysis.

For monitoring the HK data of the ROE, an electric interface based on a Raspberry Pico
microcontroller board containing a RP2040 MCU (Raspberry Pi Ltd., United Kingdom),
was developed. It interfaces with the dedicated SPI bus, which the ADCs responsible
for collecting HK data within the ROE are using. Since the ADCs are connected to
a shared bus, the chip select (CS) lines of the ADCs are connected to separate GPIO
pins of the MCU. This allows to separately communicate with each ADC. An additional
GPIO pin is connected to the POWER_EN pin of the ROE, allowing for power cycling
the whole board by means of software. The firmware, written in C++ and running
on the MCU, implements the specific SPI protocol of the used ADC128S102. A host
computer can communicate with the MCU using a virtual COM port using a simple
JSON based protocol, allowing it to read the ADC values and toggle the POWER_EN pin.
The roe-client library contains the necessary abstractions to communicate with the
MCU. Within roe-client-gui these abstractions are used to periodically read the ADC

5PyQt is a Python wrapper around the commonly used GUI framework Qt. https://
riverbankcomputing.com/software/pyqt/
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Figure 4.13: Screenshot of the developed graphical user interface to control the ROE
and sample stage.

values and using calibration values, convert the raw data to human-readable HK data
like voltages, currents and temperatures. A list of the collected HK data is given in
Table 4.2. The read HK values are displayed in the GUI and simultaneously forwarded
to an InfluxDB for long-term storage and trend analysis. To access the recorded HK
data, Grafana based dashboards were implemented, as can be seen in Figure 4.14.

The Laser Electronics (LE) used in this setup are not fully representative of the flight
electronics in terms of functionality. The flight version will be able to generate laser
bursts with a controllable count of shots. As the used LE is missing this feature, an
external 33250A (Keysight Technologies, USA) function generator is configured to provide
the appropriate trigger pulses to the LE. The signal generator is remote controlled by
the roe-client-gui software and receives a trigger signal from the ROE when a burst
shall be started. As the engineering LE are based on the manufacturer’s commercial
SB1 (Bright Solutions Srl., Italy) controller, it can be commanded by the previously
developed sb1-ctrl-gui software (see Chapter 2), through which parameters such as
the laser output energy can be set.

The final element to be controlled is the XYZ translation stage. Due to technical reasons,
the supplied library that implements the communication protocol and provides a high-level
C application programming interface could not be used. Based on the stage controller’s
documentation, a native implementation of the protocol in Python was developed. This
allowed for a seamless integration of the stage into roe-client-gui and scripts, which
allowed to automatise measurements that involved sample movement.
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Table 4.2: Monitored HK values of the ROE
HK ID Description ADC Channel

RO_5V_U Voltage of the incoming +5V supply CS: 0, Ch: 0
RO_3V75_U Voltage of the +3.75V supply for the LNAs CS: 0, Ch: 1
RO_3V3_U Voltage of the internal +3.3V supply CS: 0, Ch: 2
RO_2V5_FPGA_U Voltage of the +2.5V supply for the FPGA CS: 0, Ch: 3
RO_1V9_ADC_U Voltage of the +1.9V supply for the ADC CS: 0, Ch: 4
RO_1V8_U Voltage of the internal +1.8V supply CS: 0, Ch: 5
RO_1V2_TDC_U Voltage of the +1.2V supply for the TDC CS: 0, Ch: 6
RO_1V05_FPGA_U Voltage of the +1.05V supply for the FPGA CS: 0, Ch: 7
RO_N1V25_U Voltage of the −1.25V supply for the LNAs CS: 1, Ch: 0
RO_5V_I Current of the incoming +5V supply CS: 1, Ch: 1
RO_N5V_I Current of the incoming −5V supply CS: 1, Ch: 2
RO_PCB_T Temperature of the PCB CS: 1, Ch: 3
RO_FPGA_T Temperature of the FPGA CS: 1, Ch: 4
RO_ADC_T Temperature of the ADC CS: 1, Ch: 5
RO_LMK_T Temperature of the clocking IC CS: 1, Ch: 6
RO_UREF Voltage of the LM4050 voltage reference CS: 1, Ch: 7

Figure 4.14: Screenshot of the ROE HK data monitoring system, based on an InfluxDB
database with a Grafana frontend. This allows for displaying the current HK data as
well as storing and reviewing trends, making it possible to establish correlations between
occurring issues and the recorded data.
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4.2 Commissioning and Characterisation of the ROE

The ROE for the CLPS-LIMS instrument is a custom-developed board. To ensure it
performs in a manner that is in accordance with the technical specifications and thus
does not degrade the spectral quality as produced by the mass analyser and detector
system, characterisation measurements of the ROE were designed and performed.

4.2.1 Characterisation Setup

To provide a well-controlled and adjustable environment in which the performance of
the ROE can be characterised, all external stimuli were generated by a set of arbitrary
waveform generators (AWG), simulating the functionality of the laser electronics and the
detector system. The general setup utilised is show in Figure 4.15.

Figure 4.15: Schematic of the test setup, which was used to generate the external stimuli
to characterise the ROE. Signals to the ROE were provided by two AWGs (Keysight
33622A, Teledyne LeCroy T3AFG).

A 33622A AWG (Keysight Technologies, USA) is responsible for generating the laser
synchronisation pulses, which normally would be supplied by the photodiode within the
LHB at the time a laser pulse is fired. The number of synchronisation pulses is configured
according to the number of spectra the ROE expects for a measurement. The pulse train
generation is triggered by the ROE using its “Laser Start” output, which is connected to
the trigger input of the 33622A AWG.

Stimuli to the low- and high-gain channels of the ROE, and thus simulating the mass
analyser’s detector system, are provided by a T3AFG500 AWG (Teledyne LeCroy, USA).
This AWG has an output bandwidth of 500MHz, making it the most suitable instrument
available to generate the simulated high-bandwidth signals expected from the detector
system.
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As the “Laser Sync” pulse and the LG and HG signals are generated by two separate
AWGs, appropriate timing synchronisation between them must be ensured. This is to
minimise the jitter between the “Laser Sync” pulse and the LG and HG signals, and
thus minimise the signal distortions when multiple spectra are co-added on the ROE.
In addition to triggering the T3AFG with a low-jitter synchronisation signal from the
33622A, both AWG’s internal clocks are phase-locked together using the appropriate
10MHz clock inputs and outputs. Using this setup, a reproducible jitter between the
edges of the “Laser Sync” pulse and LG/HG signals of ∼100 ps std. dev. could be
reached, as shown in Figure 4.16. As this jitter is about one order of magnitude smaller
than the rise and fall times of the signals, contributions from this error can be neglected
when co-adding signals into a single spectrum.

Figure 4.16: Oscilloscope measurements of the LG and HG signals using a Tektronix
MSO64B. The oscilloscope was configured to trigger on the generated “Laser Sync” signal,
thus being able to measure the jitter between the two signals.

4.2.2 Initial Commissioning of the ROE EBB

During the initial bring up of the ROE, communication between it and the roe-client-
gui software was successfully established and status information could be read. HK
data showed a current of about 0.6 A on the +5V input supply (HK RO_5V_I) and 0A

on the −5V supply (HK RO_N5V_I). This is in accordance with the expected values
communicated by the manufacturer. Switching on the ADC and LNA power domain, the
current on the +5V input supply rose to 2.1A A and the −5V supply to 0.1A. These
values are also within the expected range.

First measurements with the now operational ROE connected to AWGs as signal sources,
revealed several issues that needed to be addressed, before the ROE’s performance could
be characterised properly.
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Trigger misalignment First measurements performed with the ROE using the firmware
version v1.0.6 while co-adding spectra showed that LG and HG signal pulses, which
should have the same delay from the “Trigger Sync” signal, were shifted with respect to
each other as can be seen in Figure 4.17. The encountered delay was reproducibly 16
ADC samples long. The ROE manufacturer was notified about this issue and was able
to reproduce it. Investigations on the manufacturer’s side revealed that the sampling
concept with which the “Laser Sync” signal is detected, and thus the beginning of the
spectrum is determined, is faulty. As in this implementation the “Laser Sync” signal is
sampled by the on-board FPGA within its 100MHz clock domain, indeed a sampling
jitter of 16 to 32 ADC samples recorded at 1.6GHz could occur.

The manufacturer was able to implement a solution within firmware version v1.0.8,
without the need for hardware changes.

16 samples

Figure 4.17: Spectrum of two co-added pulses on the LG channel. The generated peaks
did have the same set delay counted from the beginning of the spectrum and thus should
lie on top of each other.

Missed trigger signals It was observed that the ROE did not register every “Laser
Sync” pulse within a measurement. This led to indefinite hang-ups of the ROE, as fewer
spectra were recorded than the measurement configuration was set up to.

This issue could be traced back to the comparator used to register the “Laser Sync”
pulses being configured with a very low threshold level of 50mV. Resulting from a
combination of not properly shielded connections within the test setup and the overall
EM environment the ROE is in, enough noise could couple into the “Laser Sync” input
and cause spurious trigger signals. As these were not timed in accordance with the
expectations of the FPGA, invalid states within the firmware were encountered, leading
to a hang-up of the FPGA.

The issue was resolved by increasing the comparator’s threshold level to 147mV. This
value is still low enough that the corresponding circuit on the laser electronics side can
reach the necessary drive current. On the other hand, it is high enough to avoid any
spurious trigger events with the environment the ROE is in.
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Peak distortions on the HG channel Measurements with the HG channel of AWG
generated pulses revealed serious signal distortions, as shown in Figure 4.18. The input
stimulus generated by the AWG is a clean rectangular pulse with 1 ns rise and fall times,
as was verified by oscilloscope measurements. The measured signal with the ROE showed
a significant pre-pulse and undershoot on the falling edge. The distortion pattern was
not in line with signal reflections due to possible impedance mismatches in the system.
Nevertheless, connections external to the ROE were checked and could be excluded as
source of the distortions. Non-linear effects within the LNA due to overdriving it could
not be excluded, since it was operating at a high amplification of 18 dB. Investigations
by the ROE manufacturer revealed an error in the initialisation sequence of the ADC,
which was corrected in firmware version v1.0.8. With the new firmware, no distortions
were detected any more.
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Figure 4.18: Rectangular pulse with 10mVpp recorded with the HG channel of the
ROE running firmware version v1.0.7. Signal distortions at the rising and falling edges
are due to a faulty ADC initialisation sequence.
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4.2.3 Noise Floor Characterisation

The achievable signal-to-noise ratio (SNR) with the ROE is directly related to the
instrument’s limit of detection (LOD) for a chemical species. Thus, for optimised
performance, the SNR must be maximised. With the SNR being given by

SNR =
Asignal

σnoise
(4.1)

where Asignal is the signal amplitude and σnoise is the standard deviation of the noise
floor, it becomes evident that the SNR can be maximised in two ways. Increasing the
signal amplitude will increase the SNR, which can be achieved by e.g., increasing the
MCP gain. This method does come with limitations. A higher MCP gain leads to higher
signal amplitudes of large abundance species, which can cause unwanted clipping during
digitisation, thus limiting the instruments dynamic range. The other option to optimise
the SNR is by decreasing the noise floor amplitude. This leads not only to a better
LOD, but also to a higher instantaneous dynamic range of the instrument. With a given
inherent noise of the instrument, the noise floor can be reduced by co-adding multiple
spectra. In case the noise contribution is predominantly white noise, the noise floor
decreases by

√
N , where N is the number of co-added spectra.

To understand the contributions of the ROE to the instrument’s noise floor, charac-
terisation measurements were performed. The characterisation setup was modified by
terminating the ROE’s LG and HG channel inputs with 50Ω termination resistors. This
ensures that only the internal noise of the ROE is captured. Triggering was performed as
previously described with the 33622A AWG.

The standard deviation of the measured signal over the length of a nominal TOF spectrum
is being used as a measure of the noise floor. The noise floor was measured at different
numbers of accumulations. Initial measurements were performed at nominal operating
conditions of the ROE EBB after all components were allowed to thermalise. The
obtained results for the LG and HG channels, respectively, are shown in Figure 4.19 up
to N = 20 000. A linear correlation between 1

σnoise
∼

√
N is evident in accordance with

the predictions for white noise. For the HG channel, a non-linearity can be observed. Up
to N = 20 000, no significant flattening out of the data can be seen. This indicates that
the noise floor at N = 20 000 is still dominated by white noise, as contributions from
harmonic noise cannot be minimised by accumulation of multiple spectra.
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Figure 4.19: Inverse of the ROE’s noise floor in relation to the square root of the
number of accumulated spectra (N) for the LG and HG channel, respectively. The ROE
was not additionally cooled (TADC ∼ 50 ◦C). The data are fitted with a linear function.

The measurements were repeated in the same configuration, with an additional electric
fan being mounted onto the ROE. It provided a direct airflow over the FPGA and the
frontend electronics EMC cover, which contains the ADC, thus, lowering the operating
temperature of the ADC from +50 ◦C to +35 ◦C. The results in Figure 4.20 show a very
similar trend to the case without cooling with no flattening of the curve up to N = 20 000.
However, the non-linearity observed on the HG channel in the hot case is not visible any
more. No conclusive answer can yet be given to why this temperature dependence of the
ADC response exists. The ADC used in the ROE EBB is an engineering quality model of
the flight-model ADC12D1620QML-SP with a specified operating temperature of +25 ◦C,
instead of the −55 ◦C to +125 ◦C operational range of the flight model. It cannot be
ruled out that the observed behaviour of the ADC is a result of the engineering model’s
limited operational temperature range. Further investigations will have to be performed
to better understand this phenomenon and ensure that it does not have a detrimental
effect on the scientific performance of the CLPS-LIMS instrument.

Figure 4.20: Inverse of the ROE’s noise floor in relation to the square root of the
number of accumulated spectra for the LG and HG channel, respectively. The ROE was
additionally cooled by an electric fan (TADC = 35 ◦C).
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4.2.4 Dynamic Behaviour Characterisation

To gain an understanding of how the ROE behaves with various input stimuli applied
to the LG and HG channel, the previously described characterisation setup with the
T3AFG AWG providing the input signals was utilised.

All tests were conducted with self-similar rectangular pulses as input signals. Pulses with
a rise and fall time of 1 ns and a width of 10 ns were used. The peak amplitudes were set
to the FSR of the channels, being 2000mVpp for the LG channel and 100mVpp for the
HG channel, respectively. The set rise and fall times are the minimum values the AWG
can generate and match the expected rise and fall times of a peak generated by the mass
analyser. For reference, the peak shape as generated by the AWG was measured using a
Tektronix MSO64B oscilloscope. The obtained signal trace is shown in Figure 4.21 (left
panel). Some ringing is visible at the transitions and can be attributed to be part of the
signal generated by the AWG. By performing a Fast-Fourier Transform (FFT) on the
time trace, its frequency spectrum is obtained (Figure 4.21, right panel). From this, the
pulse’s maximal frequency content was determined to be about 600MHz.

Figure 4.21: (Left) Input stimulus used for testing the LG channel with an amplitude
of 2Vpp. (Right) FFT of the input stimulus.

Applying the appropriately scaled stimulus to the ROE’s LG and HG channels results in
the responses shown in Figure 4.22. Note, that the recorded data have been inverted
to show positive pulses. The visible imperfections in the peak shape (ringing at the
transitions) are already part of the AWG output and not part of the ROE response. No
variations in the baseline before and after the peak are observable, even at input stimuli
close to the channels’ FSR. This is an important quality metric, as a non-flat baseline
poses significant challenges when evaluating recorded mass spectra.
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LG Channel

HG Channel

Figure 4.22: A 1 ns rise and fall time rectangular pulse recorded with the ROE’s
LG and HG channel, respectively. A reference measurement of the stimulus is shown
additionally. The LG channel reproduces the stimulus correctly, whereas the HG channel
shows increased rise and fall times.

For the recorded HG signal, a slight decrease in the transition steepness is observable in
Figure 4.22. Comparing the frequency spectrum of the stimulus and the recorded signal,
a significant attenuation of the higher frequency components >200MHz can be seen. As
the rise time is inversely proportional to the signal bandwidth, a reduction in bandwidth
translates to an increase in rise time. Frequency response measurements of the ROE
frontend performed by the manufacturer show a non-flat passband for the HG channel.
Thus, this observation is in line with the provided data. As the bandwidth reduction will
affect the spectral quality causing broadening, the ROE’s signal bandwidth characteristics
were explored in more detail and are described in the following Section 4.2.5.

In addition to the reproduction of input stimuli, the achievable dynamic range of the
ROE’s channels was investigated. The results are summarised in Table 4.3. The
instantaneous dynamic range of both channels, i.e., without co-adding of spectra (N = 1),
was found to be 61 dB, corresponding to about 3 orders of magnitude. Increasing N

to 10 and 100, results in the expected improvement of the SNR by about 10 dB due to
the decrease of the noise floor by a factor of

√
N . The SNR at N = 1000 is lower than

theoretically predicted and lowered compared to the values obtained during the noise
floor measurements. As the ROE’s noise floor showed a linear decrease with respect to√
N up to N = 20 000, it must be concluded that noise is contributed externally, e.g.,

from the AWG. With a lower noise signal source, a dynamic range of 90 dB (4.5 orders
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Table 4.3: Measured dynamic range of the LG and HG channels in relation to the
number of co-added spectra N .

N σnoise,LG ALG/σnoise,LG σnoise,HG AHG/σnoise,HG

1 1.7mV 61 dB 79 µV 61dB
10 0.55mV 71 dB 23 µV 72dB

100 0.18mV 80 dB 8.6 µV 81dB
1000 0.10mV 86 dB 4.6 µV 86dB

of magnitude) should be achievable at N = 1000. By using both channels in a combined
fashion to detect high abundance species on the LG channel and low abundance species
on the HG channel, a dynamic range of 4.5 orders of magnitude at N = 1 is feasible. At
N = 1000 this increases to 6 orders of magnitude.

4.2.5 Bandwidth Characterisation

The pulsed signals generated by the mass analyser’s detector system have an inherently
high spectral content. This stems from the fast transition times in the low nanosecond
range found in the signal. The recorded mass spectrum’s possible quality is amongst
others bounded by the bandwidth of the acquisition system, as a limited bandwidth
translates to slower transition times, and thus lower mass resolution and ultimately lower
detection sensitivity.

Figure 4.23: Frequency response of the ROE channel frontends, as determined by
VNA transmission measurements between the input connector and the output of the
anti-aliasing low-pass filter. The required −3 dB low-pass cutoff frequency at 700MHz is
marked.

The ROE’s input bandwidth on the LG and HG channels was required to be 700MHz

(−3 dB low-pass cutoff) to not be a limiting factor in the signal chain. Results obtained
during the characterisation of the ROE’s dynamic behaviour and frequency response
measurements of the channel frontends performed by the ROE’s manufacturer revealed
non-compliance with regard to the channels’ bandwidth. In Figure 4.23 the frequency
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response of both channel frontends is shown with their maximal gain normalised to
0 dB. The LG channel has a flat passband up to 500MHz and reaches its −3 dB point
at 620MHz. In contrast, the HG channel already starts attenuating below 10MHz and
reaches −3 dB gain at 370MHz.

This deviation from the requirements prompted a more detailed analysis how the ac-
quisition system’s bandwidth influences the obtainable peak shapes of the CLPS-LIMS
instrument. By performing in-silico analysis using simulated signals matching the detector
system’s expected output and filtering them using the ROE channels’ frequency response,
a general understanding of how the ROE EBB’s limitations influence the recordable data
quality was obtained. Three metrics describing the data’s quality were investigated. An
increase in the FWHM of a filtered peak leads to a worse mass resolution of the obtained
mass spectrum, thus impeding data analysis and interpretation. The calculated Area
Error is the difference between the area of the unfiltered peak obtained by numerical
integration and the area of the filtered peak. Constant integration bounds of 1.5FWHM

are assumed. For quantitative chemical analysis of a mass spectrum, accurate integration
of the peak attributed to a species is necessary. Thus, this error needs to be minimised.
The Max. Intensity Error describes the difference between the maximum value of the
unfiltered and filtered peak. A reduction in this maximum value impedes the detectability
of peaks with intensities close to the noise floor.

As first order approximation, peaks produced by the instrument’s detector system can
be described by a Gaussian distribution with a width σ. For a Gaussian distribution the
peak’s FWHM is related to σ by

FWHM = 2
√
2 ln 2σ ≈ 2.355σ (4.2)

Since a TOF mass spectrometer’s mass resolution M defined at FWHM is directly related
to a peak’s FWHM in the time domain by

M =
m

∆m
=

t

2∆t
=

t

2FWHM
(4.3)

the simulated peaks used for the analysis are defined in terms of FWHM. All simulations
were performed using a sample rate of 1.6GS s−1, matching the ROE’s ADC sample rate.
In Figure 4.24, peaks with varying FWHM are shown before and after being filtered by the
measured ROE EBB’s LG channel response. No significant broadening is detectable for
the simulated peaks. As expected, the Area Error and Max. Intensity Error is maximal
for the narrowest peaks, with the Area Error being −1.1% and the Max. Intensity Error
being −8% for a simulated peak with FWHM of 1 ns. Figure 4.25 shows the identical
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analysis performed with the HG channel response. With the HG channel’s lower cutoff
frequency, the obtained errors for the high-bandwidth, low FWHM peaks are significantly
higher compared to the LG channel. At FWHM of 1 ns, the peak’s intensity is reduced
by 24%. Since the HG channel does not have a flat passband, the reduction in peak
intensity is above 2% for a peak with FWHM of 10 ns.

The shown data allow quantifying the impact of the acquisition system’s bandwidth
on the instrument’s expected mass spectral quality. The shown reduction of a peak’s
maximum intensity can make the difference of detection and non-detection of a chemical
species within the sample material, as this reduction translates directly to a reduction
in SNR. With the CLPS-LIMS instrument’s goal to detect and quantify trace elements
within the lunar regolith, for which the ROE’s HG channel is employed, mitigation
strategies to counteract the shown deficiencies might have to be developed.

125



4 Commissioning and Testing of the CLPS-LIMS Engineering Model

F
igure

4.24:
Sim

ulated
peaks

m
odified

by
the

R
O

E
EB

B
’s

LG
channelfrequency

response.

126



4 Commissioning and Testing of the CLPS-LIMS Engineering Model

F
ig

ur
e

4.
25

:
Si

m
ul

at
ed

pe
ak

s
m

od
ifi

ed
by

th
e

R
O

E
EB

B
’s

H
G

ch
an

ne
lf

re
qu

en
cy

re
sp

on
se

.

127
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4.3 EFM Setup End-to-End Tests

After commissioning the complete EFM test setup, including all subsystems necessary
to conduct LIMS measurements, the two prospective reference sample materials to be
deployed with the CLPS-LIMS instrument were analysed. These were the first end-to-end
tests the functionally equivalent subsystems of the CLPS-LIMS instrument were subjected
to, proving the general functionality of the instrument’s design.

Additionally, based on these measurements, the laser irradiance range required for
successful ablation and ionisation of the sample materials was constrained. This analysis
determines the types of the space-qualified ND filters to be procured for the instrument’s
flight version. Only if the LHB’s static beam attenuation is properly sized, can the
LHB’s dynamic attenuation range of one order of magnitude be used to its full extent.
Maximising the usable dynamic attenuation range is paramount to be able to correct for
changes in the laser ablation and ionisation process. These changes can be caused by
potential sample height variations, shifts in the optical system during launch and landing
or simply the unknown optical absorbance efficiency of the sample material, which has
an influence on the ablation efficiency.

Basalt 1

Steel

Basalt 2

Figure 4.26: Sample holder with a stainless steel reference sample and two sections of
different basalt rocks. “Basalt 1” is a less homogeneous, more crystalline basalt than
“Basalt 2”.

A stainless steel sample (AISI 316L, 1.4435) similar to the one shown in Figure 4.26
will be used during the initial commissioning phase of the instrument on the lunar
surface. During checkout, basic instrument health and performance parameters will be
determined by performing LIMS measurements using this sample material. As it has a
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high homogeneity, extended measurements with a stable mass spectrometric signal can
be performed, as needed for e.g., the optimisation of the ion-optical voltage set.

In addition to the steel reference sample, a geological reference sample will be part of the
flight instrument. It serves as an external quantification standard. Using the calibration
constants obtained by measuring it using the same instrument parameters and conditions
that are used to analyse lunar regolith, it is possible to quantify the chemical composition
of the regolith. For this purpose, the composition of the geological reference sample must
be as close as possible to the assumed composition of the lunar regolith with regard to
the major elements to reduce quantification errors due to differing matrix effects (Yu
et al. 2009; B. Zhang et al. 2013). An additional constraint on the reference sample
is, as with the steel sample, its spatial composition homogeneity to allow for stable
measurements. Based on these requirements, basalt was chosen as the reference material.
As the lunar regolith has a high basaltic content (Heiken et al. 1991), therefore this
choice ensures good chemical compatibility. The rapid cooling of the low-viscosity lava
from which basalts are formed leads to a highly homogeneous, amorphous structure with
little crystalline inclusions. Additionally, to be able to survive the vibration and shock
environment during the instrument’s launch, the to be used reference sample must have
sufficient mechanical stability to withstand the loads. A too weak material might break
up during the launch, with fragments being liberated and damaging sensitive components
within the instrument’s spectrometer unit.

Two basaltic rocks, originating from Madagascar, were selected by the Institute of
Geological Sciences, University of Bern, as potential reference samples. Both basalts
are expected to have similar chemical compositions. They differ in grain size, with
“Basalt 1” having a more crystalline structure and thus higher mechanical stability
than “Basalt 2”. As the more crystalline basalt’s (Basalt 1) lower homogeneity is
disadvantageous to analysis by LIMS, results of future vibration tests will determine if
the more homogeneous basalt can be flown.

For analysis by LIMS, a section of about 5mm thickness of each basalt was prepared.
To remove potential surface contaminations both sections were sonicated for 5min, each
in ultra-pure water (MilliQ, Merck Millipore), isopropanol, and again ultra-pure water.
The sections were fixed to the sample holder using carbon adhesive tape. In Figure 4.26
the sample holder with the basaltic samples is shown.

The initial measurements with the EFM setup were conducted using the steel sample,
as this material’s behaviour is well known from previous studies conducted during
the prototyping phase of the project and known to exhibit well-behaved ablation and
ionisation properties.
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To verify the OSS alignment, more specifically the out-of-plane position of the laser
focus spot, a scan along the optical axis (Z axis) with steel the sample was performed.
The laser pulse energy was kept constant at an SHG temperature of TSHG = 26.0 ◦C,
corresponding to a pulse energy of 0.8 µJ. This energy was chosen as it allows for the
measurement of well resolved, not saturated mass spectra in the approximate focus point.
The scan was performed starting at position z = 0 µm corresponding to the position
where the sample surface is in contact with the mass analyser’s aperture.

The peak areas of four selected species found in the stainless steel sample in relation
to the distance from the mass analyser’s aperture are shown in Figure 4.27, with the
measured intensities shown in the top and the normalised intensities show in the bottom
panel. All species show a similar behaviour with the ablation and ionisation process
subsiding at the position zmin ≈ −1000 µm. At that position, the laser beam has diverged
sufficiently, that the laser irradiance has dropped below the steel’s ablation threshold. In
the range of 0µm to zmin the peak intensities show a local maximum at zmax ≈ −500 µm
and a global maximum at distances very close to the mass analyser (|z| < 200µm).

Figure 4.27: Mass spectrometric intensities of selected species present in the stainless
steel sample depending on the sample’s distance from the mass analyser’s aperture z.
Measured intensities are given in the top panel, while the bottom panel shows normalised
intensities.

The optical focus of the setup has been determined to be at z0 = −245 µm during the
alignment procedure of the OSS. As a first order approximation, it is expected that
the maximal peak intensities are being detected within the focal spot. The observed
high-intensity area at |z| < 200µm can be excluded from further interpretation. At
those close distances to the aperture, the mass analyser’s ion capture properties are
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different from those at the nominally required sample distance of zali0 = −600 µm. The
difference in distance between z0 and zmax is about 355µm. This observed difference can
potentially be attributed to the increase in beam area above the laser ablation threshold
counteracting the reduction of peak irradiance when moving the sample out of focus.
The posed hypothesis cannot be proven or disproven with the collected data and will
require further investigation to fully understand the phenomenon.

An important property of the instrument is the minimisation of the reliance of frequent
calibration on an external standard for quantification purposes of the species within the
sample material of interest. Such a recalibration can become necessary when the laser
ablation and ionisation conditions change significantly, as this leads to a change in relative
sensitivity coefficients (RSCs). Hence, the stability of the laser ablation conditions within
the investigated region of interest are of high value for the quantitative analysis of the
sample material. The lunar regolith sample surface, as prepared by the SHS, is expected
to have a planarity of ±200 µm. Therefore, it shall be possible to measure the relative
intensities of the species with a low variance within that region.

In Figure 4.28, intensity ratios referenced to 52Cr+ across the investigated sample positions
are shown. The calculated moving standard deviations of the ratios shown in the region
zali0 ± 200µm are below 0.05, so that the upper limit of the quantification error resulting
from the effects considered here is less than 5%.

Figure 4.28: Intensities of selected species in the stainless steel sample referenced
to 52Cr+ (upper panel), and their variability given by the moving standard deviation
with window length of 3 points (lower panel). Measured at different distances from the
mass analyser aperture z. The nominal sample position of the SHS is marked with zali0 .
Intensity ratios are stable up z = 1200 µm, indicating stable ablation conditions in that
range.
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For the determination of the required irradiance I for optimal laser ablation and ionisation
of stainless steel, the sample’s behaviour at a fixed position z with varying laser pulse
energies was studied. It is expected that below a certain energy, no species can be
detected, as the obtained irradiance is below the threshold required for laser ablation and
ionisation. Above a to be determined maximum energy threshold, a significant reduction
in spectral quality is expected. As more and more ions are produced during ablation with
increasing irradiances, the local ion concentration within the mass analyser’s ion-optical
system increases. Hence, space charge effects start to affect the ion packets, leading to a
deterioration of the instrument’s mass resolution.

The sample surface was positioned at z = −400 µm, between the optical focus z0 and
zmax, as the resulting spectra were deemed qualitatively well resolved and stable at an
SHG temperature of TSHG = 26 ◦C. Figure 4.29 shows a visual representation of the

Figure 4.29: Mass spectra of the stainless steel reference sample at z = −400 µm
and varying laser energies. Significant peak broadening is visible above 28 ◦C SHG
temperature (E = 1.4 µJ, I = 0.16GWcm−2).

mass spectra’s behaviour for varying laser energies. The shown mass range covers 52Cr+

and 56Fe+, the species showing peaks with the highest intensities. Since they appear at
the lowest laser irradiances first, they are suitable to determine the ablation threshold.
Visually, the ablation threshold is determined to be at TSHG ≈ 26 ◦C. In Figure 4.30 the
ratios of selected species referenced to 52Cr+ are shown. Ratios above TSHG ≈ 25.5 ◦C

show a low variability, thus stable laser ablation conditions above the corresponding
irradiance can be assumed. This is in line with the visually determined threshold.

The mass resolution starts deteriorating at TSHG > 27 ◦C as can be seen from the
broadened peaks visible in Figure 4.29. This observation is in line with the increasing
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variability in the ratios above that temperature as shown in Figure 4.30. At TSHG > 28 ◦C,
significant peak broadening and shifts in the peak positions marks an absolute limit, as
spectra of this quality cannot be analysed reliably any more. From this, the minimum
ablation threshold can be estimated to be at Isteelmin = 0.08GWcm−2 and maximum
tolerable irradiance at Isteelmax = 0.16GWcm−2 for the stainless steel.

Figure 4.30: Intensities of selected species referenced to 52Cr+ (upper panel) and their
variability shown as moving standard deviations (lower panel). Stainless steel reference
sample measured at z = −400 µm.

Similarly to the energy threshold determination for the stainless steel reference sample,
the maximally tolerable laser energy for the basalt sample was determined. As the basalt
is a non-metallic material, both the lower and upper energy thresholds are expected to
lie above the values of the stainless steel.

The measurements were conducted on the amorphous basalt sample (Basalt 2), as its
higher spatial composition homogeneity is expected to produce more reproducible results.
The energy scan was performed at z = −410 µm.

The mass spectra for the amorphous basalt for different laser irradiances are shown in
Figure 4.31. At TSHG ≈ 31.2 ◦C, corresponding to an irradiance of 0.40GWcm−2, peak
broadening and shifts in the peak positions are observed. As numerical analysis of the
obtained spectra, such as the variability of the intensity ratios, didn’t show clear trends,
the upper energy limit was determined purely qualitatively by observing the recorded
spectra while changing the laser energy. Deterioration of the spectral quality as previously
described did commence in good agreement with the limit shown in Figure 4.31.
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Figure 4.31: Waterfall plot of mass spectra recorded on “Basalt 2” at z = −410 µm,
and varying laser pulse energies. The spectrum quality deteriorates above an SHG
temperature of 31.2 ◦C as marked by the red line.

As the chemical composition and colour, factors that influence the to be determined
threshold energies, of the two basalts are identical, the obtained results are transferrable
to “Basalt 1”. Studies using lunar regolith simulant as sample material (see Chapter 2)
achieved good ablation results with Iregolith ≈ 0.2GWcm−2, thus showing comparable
behaviour to the basalt sample.

Based on the obtained results, the initially foreseen irradiance range of 0.1GWcm−2 to
1.0GWcm−2 within the focus, is confirmed. With the current optical design and the
worst-case in-axis sample misalignments of zali0 ± 600µm, an irradiance range between
0.045GWcm−2 and 0.588GWcm−2 is obtainable. Thus, the baselined range fully covers
the needed irradiances to conduct LIMS measurements on all three sample materials.

As mass spectra could be obtained on samples that are representative of materials
the instrument will analyse during flight, the commissioning of the EFM test setup
was successfully completed. These measurements could only be executed as all the
subsystems, which are part of the EFM test setup, performed as intended without major
impairments. Working engineering models of the subsystems boost the confidence in
their respective implementations and allow the project to move forward in building a
flight-ready instrument.
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5 Conclusion

This thesis has outlined the critical steps undertaken to transform a laboratory-based
Laser Ionisation Mass Spectrometer (LIMS) into a flight-ready instrument, capable of
performing sensitive chemical analysis of lunar regolith. The data to be collected by
the CLPS-LIMS instrument contributes to furthering our understanding of the Moon’s
composition and, more broadly, the history and evolution of our planetary system.

A key aspect of the instrument’s development was the selection and testing of a suitable
laser source, as well as the design of an optimised laser beam guiding and shaping
system. This system forms the foundation for the optical system employed in the flight
version of CLPS-LIMS. Furthermore, initial tests with lunar regolith simulant materials
revealed challenges associated with mass spectrometric analysis in a regolith environment.
Specifically, modifications to the mass analyser design were necessary to mitigate the risk
of regolith grains interfering with the ion-optical system, ensuring reliable performance
under expected lunar conditions.

Another critical factor addressed in this work was the potential issue of electrostatic
charging of the lunar sample. It was demonstrated that the instrument can tolerate and
operate effectively under such conditions, mitigating risks associated with charge accumu-
lation in the harsh lunar environment. Additionally, the development of a self-cleaning
sample handling system allows for the analysis of, in principle, an indefinite number
of samples by continuously refreshing the sample surface. This approach represents
a universal concept that could be adapted for other planetary instruments analysing
regolith and requiring well-defined surfaces.

The successful demonstration of the CLPS-LIMS engineering model confirmed its ca-
pability to perform chemical analysis of the prospective reference materials. These
advancements not only prepare the instrument for its deployment on the Moon but also
pave the way for adaptations of the technology for future planetary exploration missions.
Variations of the developed instrument could be applied to other solar system bodies
such as Venus or Mars, where LIMS technology could focus on detecting and analysing
organic molecules in the search for past or present extraterrestrial life.
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LHS-1 Lunar Highlands Simulant | Fact Sheet
002-01-001-0621

Simulant Name: LHS-1 Highlands Simulant
Simulant Type: General purpose
Reference Material: Average lunar highlands 
Uncompressed Bulk Density: 1.30 g/cm3

Mean Particle Size: 90 µm
Median Particle Size: 60 µm
Particle Size Range: <0.04 µm – 1000 µm

Mineralogy Bulk Chemistry

Component Wt.%

Anorthosite 74.4

Glass-rich 
basalt 24.7

Ilmenite 0.4

Pyroxene 0.3

Olivine 0.2

As mixed.

Safety

See SDS for details. 
Primary hazard is 
dust inhalation; 

wear a respirator in 
dusty conditions.

Oxide Wt.%

SiO2 51.2

TiO2 0.6

Al2O3 26.6

FeO 2.7

MnO 0.1

MgO 1.6

CaO 12.8

Na2O 2.9

K2O 0.5

P2O5 0.1

LOI* 0.4

Total** 99.4

Photo credit Matthew Villegas. XRF data obtained by Hamilton Analytical Lab using fused bead 
sample preparation. Reflectance spectrum courtesy of Dr. Takahiro Hiroi, NASA RELAB, Brown 
University.

Relative abundances. 
Measured by XRF.

*     Loss on ignition
** Excluding volatiles 
and trace elements

Geotechnical 
Properties

Grain Density: 2.75 g/cm3

Void Ratio: 1.1
Porosity: 52.7%
1Max Angle of Repose: 47.5°
2Cohesion: 0.311 kPa
2Angle of Internal Friction: 31.49°

Geotechnical 
Property Sources

1(PDF) Comparing the Effects of 
Mineralogy and Particle Size 
Distribution on the Angle of Repose 
for Lunar Regolith Simulants 
(researchgate.net)

22038.PDF (usra.edu)

B Regolith Simulant LHS-1 Datasheet
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C SB1 Laser Controller Design

Figure C.1: 3D rendering of the designed SB1 controller board
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