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Abstract: In the framework of the Helmholtz ARCHES project, a multitude of robots, including
rovers and drones, were prepared for the autonomous exploration of a test site at the foothills of Mt.
Etna, Sicily—a terrain resembling extraterrestrial locations such as the Moon. To expand the suite
of tools and sensors available for the exploration and investigation of the test site, we developed
a laser-induced breakdown spectroscopy (LIBS) instrument for the geochemical analysis of local
geological samples. In alignment with the mission scenario, this instrument is housed in a modular
payload box that can be attached to the robotic arm of the Lightweight Rover Unit 2 (LRU2), allowing
the rover to use the instrument autonomously in the field. A compact Nd:YAG laser is utilized
for material ablation, generating a micro-plasma that is subsequently analyzed with a small fiber-
coupled spectrometer. A single-board computer controls the LIBS hardware components for data
acquisition. In this study, we provide details of the ARCHES LIBS instrument implementation, report
on preceding laboratory tests where the LRU2 operated the LIBS module for the first time, and
showcase the results obtained during the successful ARCHES space analogue demonstration mission
campaign in summer 2022 in Sicily.

Keywords: LIBS; spectroscopy; in-situ analysis; geochemical analysis; elemental analysis; exploration;
robotic exploration; robotics; solar system; field test

1. Introduction

The elemental analysis technique Laser-Induced Breakdown Spectroscopy (LIBS) is
particularly well suited for robotic in-situ exploration. It allows for rapid data acquisition
with optical access only, eliminating the need for sample preparation. LIBS can be applied
remotely over several meters and utilized by robots in terrains that are inaccessible or
dangerous for humans. To conduct a LIBS measurement, a pulsed laser beam is focused
onto the sample’s surface. With sufficiently high irradiance, a small amount of material
is ablated and excited into a micro-plasma [1]. The light emitted by the plasma is then
analyzed with a spectrometer, providing information about the elemental composition.

LIBS is utilized for in-situ geochemical analysis of the Martian surface by all cur-
rently active rovers on our neighboring planet. The first ever LIBS instrument for space
exploration is the ChemCam instrument onboard NASA’s Mars Science Laboratory rover
“Curiosity”, which has successfully collected LIBS data from Gale Crater since the rover’s
landing in 2012 [2—4]. SuperCam, the enhanced follow-up of the ChemCam instrument, fea-
tures additional techniques such as reflectance spectroscopy in the visible and near-infrared
wavelength range, as well as time-resolved Raman and luminescence spectroscopy [5,6].
SuperCam, the second LIBS instrument, arrived on Mars in February 2021 and has since
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been collecting data from Jezero Crater as a highly versatile payload on NASA’s Perse-
verance Mars 2020 rover. The third LIBS instrument on a rover for Mars is MarSCoDe,
developed by the Chinese space agency CNSA, closely following the ChemCam design [7,8].
MarSCoDe arrived on Mars later in 2021 and collected LIBS data until late 2022. All three
instruments were designed to allow the analysis of samples at several meters distance from
their respective spacecraft.

Another LIBS instrument for space exploration was developed as a payload for the
small rover of India’s Chandrayaan-2 mission, aimed at exploring the lunar surface [9,10].
Although the lander experienced a failed soft landing in 2019, a second attempt in 2023 was
reported as successful. The Chandrayaan LIBS was designed to be lightweight, with no
focusing system, to measure the lunar regolith below the rover’s chassis at a constant
distance of 0.2m. Other LIBS instruments have been proposed for space missions and the
prospects of LIBS systems for different planetary bodies have been studied [11-15].

With a LIBS instrument configured for remote sampling with optical access only,
a substantial amount of data can be collected as is evident from ChemCam [4] and Super-
Cam [16]. ChemCam obtained approximately 930,000 LIBS spectra from the surface of Mars
over the course of 3700 sols (i.e., Martian days since the rover’s landing) [17] and is still
used almost on a daily basis. While a configuration on the rover’s mast offers advantages
in terms of optical access to targets at various distances up to several meters around the
rover, the necessity of providing sufficient irradiance at these distances requires a powerful
laser and a telescopic autofocus system. This requirement makes the instruments much
larger and heavier than fixed-focus systems that measure at closer distances. ChemCam,
SuperCam, and MarSCoDe weigh approximately 10 kg.

For the purpose of the ARCHES project, our goal was to enhance the modular instru-
ment and tool suite of the DLR Lightweight Rover Unit 2 (LRU2). LRU2 is equipped with a
robotic arm, enabling the rover to utilize various tools and instruments in the field [18-20].
Given the arm’s capability to precisely move the payload box with the LIBS instrument to
the point of interest on a rock, we opted for a fixed-focus approach, where the instrument
is placed in direct contact with the target of interest. This approach allowed us to design
a compact and low-mass instrument with a long depth of field. The primary objective
of the LIBS module is to analyze geomaterials in the field, contributing to the ongoing
efforts in preparing rovers with appropriate instrumentation for the in-situ exploration of
solar system bodies [20]. In addition to performing exploration tasks on Earth and beyond,
including scouting for specific elements of interest for exploitation, a rover equipped with
a LIBS instrument can also carry out automated observation and monitoring tasks. This
includes routine measurements of rocks or soils before processing, during treatment, and af-
ter treatment [21-23]. To the best of our knowledge, no arm-mounted LIBS instrument has
been developed for a rover, either for Earth or extraterrestrial applications. However, such
a concept was proposed, for example, by Rauschenbach et al. in 2010 [24].

The characteristics of the laser-induced plasma are significantly influenced by ambient
atmospheric conditions. LIBS data obtained on a body without an atmosphere, such as
the Moon, exhibit notable differences from LIBS data acquired in terrestrial atmospheric
conditions or from Martian LIBS data [1,25,26]. The plasma’s characteristics in a specific
environment necessitate the adaptation of flight hardware for a particular mission, taking
into account the conditions at the landing site. On Earth, the laser-induced plasma is
confined by the terrestrial atmosphere, resulting in a small, spherical, and relatively long-
lasting plasma. Additionally, the tail of an incoming laser pulse, which typically lasts
several nanoseconds, is absorbed by the evolving plasma plume, preventing the ablation
of additional material from the target that would contribute to the plasma. In the absence
of ambient atmosphere and, therefore, without confinement, the laser-induced plasma
typically takes on a conical shape oriented perpendicular to the surface, with only a
small, very bright emitting center close to the sample. Due to the absence of confinement,
the plasma expands and decays much faster compared to when confined by an atmosphere.
In contrast to terrestrial ambient pressure or vacuum, the low Martian surface pressure
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allows for an almost ideal trade-off between a relatively high amount of ablated material
and strong excitation of the plasma, resulting in a relatively large spherical plasma plume of
several millimeters and intense plasma emission. To account for plasma geometry, emission,
and lifetime, the optics and detector of the instrument must be designed for the specific
environment in which it will be used. A LIBS instrument developed for use on Earth,
therefore, differs from flight instrumentation not only in the specifics of LIBS but also in
the typical requirements of space instrumentation, such as robustness.

In the framework of the Helmholtz Future Project ARCHES (“Autonomous Robotic
Networks to Help Modern Societies”), a heterogeneous team of robots was prepared to
cooperate and autonomously deploy tools and sensors for the exploration of an unknown
terrain [19,27-30]. In addition to performing scientific measurements, the mission scenario
also includes the collection of samples. The space analogue demonstration mission at the
foothills of Mount Etna in Sicily, Italy, chosen as a site similar to barren extraterrestrial
surfaces such as the Moon, was originally scheduled for summer 2020 but was postponed
twice due to the COVID-19 pandemic and finally took place in summer 2022.

The LRU?2 is one of two similar rovers developed at DLR, participating in the space
analogue demonstration mission of the ARCHES project [18,19,27,28]. Weighing less than
30kg, the rovers are powered by rechargeable batteries providing 200 Wh and can achieve
speeds of over 7km/h. Both LRU1 and LRU2 feature a pan-tilt camera head for navigation.
In addition, LRU1 is equipped with multi-spectral and high-resolution cameras for scientific
imaging, and LRU?2 features a robotic arm with a docking interface to which standardized
payload modules can be coupled. With its robotic arm, the LRU2 can deploy small tools,
such as a hand for grasping [31], a WLAN repeater, or a box into which collected samples
can be placed. The arm also enables the LRU2 to position engineering or scientific payloads
in the field. In the mission scenario, various modules are fetched by the rover from the
main spacecraft, the landing system. After picking up the desired payload box using its
robotic arm, the LRU2 places the box in a transportation frame on its back to secure the
payload for driving to the location where the module is needed. Upon arrival, the LRU2
can pick up the box from its transportation frame and utilize the payload’s features at the
location of interest.

In this work, we present the design and development of the LIBS modular payload box
for the LRU2. In contrast to ongoing and previously flown or proposed LIBS instruments
for in-situ Solar System exploration [2,6,7,12,15], we investigate a system that can be picked
up and used by a rover equipped with a robotic arm. While this approach limits the mass
and volume of the instrument, it enables a flexible and modular approach to planetary
surface science, in accordance with the science goal of the ARCHES project. In addition to
detailing the hardware and software, we discuss preceding tests conducted at the Planetary
Exploration Laboratory (PEL) at DLR Oberpfaffenhofen and the field test demonstration at
Mount Etna, Sicily.

2. ARCHES LIBS Module

The ARCHES LIBS module represents the initial version of the LIBS instrument
specifically designed for use with the LRU2 robotic arm. The primary constraints during
the instrument’s design were associated with ensuring compatibility with the existing
hardware and software developed for the LRU2.

2.1. Hardware Description

The design specifications for the LIBS instrument mandated its compatibility with the stan-
dardized payload box system, featuring a cuboid envelope measuring 340 mm x 200 mm x 237 mm.
This requirement ensured that the instrument could be stored in the payload fixture of
both the lander and LRU2. Additionally, the instrument had to adhere to a mass limit of a
maximum of 2.5 kg, facilitating manipulation by the LRU2 robotic arm. The frame of the
payload box, constructed from lightweight carbon fiber sheet material, weighs approxi-
mately 0.6 kg, allowing for about 1.7 kg of the payload mass to be allocated to the LIBS
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instrument hardware. The payload box incorporates standardized mechanical and electrical
interfaces for efficient data and power transfer between the rover and the instrument. In the
case of the LIBS module, a slight modification to the cuboid payload box frame was made
by trimming one edge. This adjustment allowed for the addition of a mechanical spacer
while maintaining compatibility with the constraints for manipulation and transportation,
as illustrated in Figure 1. The mechanical spacer serves to ensure that the LIBS instrument’s
optics are focused onto the target when the instrument is in contact with the sample’s
surface, eliminating the need for an optical focusing system. The initial design of the spacer
involved a 3D-printed straight and slightly flexible bar with a length of 7 cm. This design
facilitated a gentle placement of the module on the rock by absorbing some of the forces
when contact was made. In a second design iteration, the original spacer was replaced
by a cylindrical baffle of the same length as depicted in Figure 2. The baffle features a
wavy cut at its outfacing end, enhancing stability during the positioning and placement
of the module on the target. This modification serves to reduce loads on the rover’s arm.
Additionally, the baffle serves the purpose of enclosing the laser beam, contributing to the
laser safety measures implemented in the design.

For material ablation and the generation of the micro-plasma, the compact diode-
pumped solid-state (DPSS) MicroJewel laser from Quantum Composers is employed. This
passively Q-switched Nd:YAG multi-mode laser delivers pulses of approximately 8 mJ at a
wavelength of 1064 nm with pulse durations of about 5 ns. While its nominal maximum
power consumption is 20 W, during laser shots, we observed an actual peak current of 1.5 A
and a peak power consumption of 72 W. The laser comprises two electrically connected
sub-units: the laser driver, a small box measuring 76 x 75 x 50 mm?, and the laser head
embedded in a cylindrical aluminum housing with dimensions of 16 mm in diameter and
91 mm in length. To save mass and space, the laser head is mounted without a dedicated
passive cooling system, which is typically required for continuous operation. Laboratory
tests demonstrated that the laser system could operate without additional cooling when
measurements comprised laser bursts with approximately twenty shots along a raster of
about ten points.

single board computer

““““

spectrometer

docking interface

laser driver

measurement head

W with laser and scanner

carbon fiber
frame

o
L

Figure 1. CAD model of LIBS payload module. The power distribution unit that comes with the
standardized payload box is located in the lower separated partition in the rear in this perspective.
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Figure 2. LRU2 with LIBS module taking a measurement during the space analogue mission at
Mt. Etna, Sicily.

Figure 3 displays the ARCHES LIBS measurement head encompassing all optical
components of the LIBS system. The laser beam is emitted from the laser head, deflected by
a beam splitter, and focused with an achromatic lens. After a final reflection from a wobble
mirror, the laser exits the measurement head through a glass window and strikes the target
at approximately a 7 cm working distance. All optical components are off-the-shelf parts
from ThorLabs with a 1/2inch aperture and anti-reflection coatings. The beam splitter is of
the polarizing type, providing around 95% overall reflectivity for the linearly polarized laser
beam and between about 45% and 48% transmittance for the collected plasma emission.
The achromatic lens is a doublet designed for the visible wavelength region with a focal
length of 100 mm. The wobble mechanism is realized by a slanted mount of a flat mirror
directly on the shaft of a servo motor, with a slanting angle of 8 degrees between the surface
normal of the mirror and the rotation axis. This results in a cost-effective and compact
scanning unit that allows sampling along a 3cm long arc on the target. The reflective
coating of the mirror is enhanced silver, providing a good reflectivity of about 96% over
the relevant wavelength region of 500 nm to 1064 nm. Furthermore, the mirror is able to
withstand the laser beam’s peak energy density, which we estimate to be on the order of
1]/cm?, resulting from the laser beam’s second-moment width of about 1.7 mm. The laser
spot on the sample has a roughly elliptical shape with a Full Width at Half Maximum
(FWHM) of about 90 pm along the major axis and about 40 pm along the minor axis as seen
in Figure 4. It should be noted that the FWHM is generally not an ideal measurement unit
for multi-mode lasers. However, we chose to use this unit since it is more robust against
noise and a reasonable estimate for the size of the laser beam on the target for the purpose
of LIBS.

The laser-induced plasma’s emission is directed back into the instrument using the
same mirror and achromatic lens. After passing through the beam splitter, it is coupled
into an optical fiber connected to the spectrometer. The fiber coupling lens is an achromatic
doublet with a focal length of 19 mm, ensuring full utilization of the numerical aperture of
0.22 of the optical fiber. To protect the spectrometer from intense directly back-scattered
laser light, a short-pass filter with a cut-off wavelength of 950nm is added in front of
the fiber coupling lens. This filter has a specified optical density of about 5 at the laser
wavelength, providing more than 97% transmission in the 500-940 nm pass band. All
optical components are securely mounted in a 16 mm ThorLabs steel cage system, which
imparts stiffness and long-term stability for the alignment of the optics. The housing of
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the measurement head is 3D printed from PETG using Fused Deposition Modeling (FDM)
technology, providing a lightweight and cost-effective mechanical protection.

optical fiber to

laser head = spectrometer

fiber coupling lens
and short pass filter

slanted scanning
mirror

— i
laser beam \ mirror

il

LEDs =% /
achromatic

window focussing lens

beam splitter

Figure 3. CAD model of LIBS measurement head. The laser exits the measurement head towards the
ground. A baffle ensures that the instrument is positioned at the appropriate distance to the target
with respect to the focal plane of the laser beam.
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Figure 4. The instrument’s laser beam profile near the plane of the baffle, where samples are located
during measurements, is roughly elliptical, with a FWHM along the major axis of approximately
90 um and a FWH M along the minor axis of about 40 pm. Due to geometrical constraints, the mea-
surement was conducted approximately 4.5 mm outside of the exit plane of the baffle.

The imaging ratio between the field of view and the 100 um multimode optical fiber
is approximately five, determined by the focal length ratio of the focusing lens and the
fiber coupling lens. With a field of view diameter of about 500 pm, the most intense core
region of the plasma is captured. The compact Avantes AvaSpec-Mini was selected as
the spectrometer due to its low mass, volume, and power consumption—approximately
175 g, 95 x 68 x 20mm?, and 1 W, respectively. This OEM spectrometer employs a symmet-
rical Czerny-Turner design and an uncooled CMOS linear array with 4096 pixels. It is
available in various grating and slit configurations for different wavelength regions from
near UV to near IR. The AvaSpec-Mini spectrometer integrated into the ARCHES LIBS
instrument is equipped with a 12001p/mm grating and a 50 pm slit. It covers a spectral
range of 531-776 nm with a spectral resolution of about 0.6 nm. In this wavelength range,
the emission lines of several relevant major and minor rock-forming elements (silicon,
calcium, sodium, potassium, lithium, and hydrogen) can be detected. If a different wave-
length range is more suitable for the elements of interest, the spectrometer can be easily
exchanged with another AvaSpec-Mini, as long as it remains compatible with the used
optical parts and their coatings. Since the used AvaSpec-Mini was originally purchased
for Raman spectroscopy, a 50 um slit was chosen for higher optical throughput. Typically,
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better resolution is desired for LIBS, and in future upgrades, a smaller slit can enhance the
quality of the LIBS data.

It is important to note that the optical path for plasma emission is not optimized for
maximum light-gathering capacity; for instance, half of the unpolarized plasma emission
is rejected at the polarizing beam splitter. Additionally, the 200 pm pixel height of the
spectrometer would allow for a larger fiber core diameter to collect more light from a
broader region of the plasma. However, to prevent detector saturation of the spectrometer
at strong emission lines observed during development, a smaller 100 pm fiber was chosen.
For the same reason, a polarizing beam splitter was chosen over a dichroic beam splitter,
even though the latter can achieve higher transmission for plasma emission. The presented
configuration aims for effective utilization of the spectrometer’s dynamic range while
leaving enough headroom for materials with strong emission lines.

With the chosen optics configuration, the amount of collected plasma emission and
the sensitivity of the spectrometer allow for a high signal-to-noise ratio (SNR) in the LIBS
data obtained from a single laser-induced plasma. This, in turn, enables short spectrometer
exposure times around the laser pulse, virtually eliminating unwanted background signals
from ambient light. An exposure time of 100 s is used to account for the drift and jitter of
the laser pulse timing. The laser manufacturer states a jitter of 1 us. As the laser is passively
Q-switched, control is limited to the start of its pump pulse. The actual release time of the
laser pulse drifts with the pump diode temperature, which is uncontrolled in our setup.
The generous 100 pis time window, with a 60 ps delay after the pump pulse trigger, allows
for capturing the plasma emission under all operating conditions while being short enough
to minimize the detector dark current and the influence of ambient light.

All hardware components are under the control of a LattePanda single-board computer
(SBC). The SBC also interfaces with a temperature and humidity sensor (DHT11), provid-
ing information about the environment inside the payload box during rover operations.
Electrical power is supplied through the docking interface between the rover’s robotic arm
and the payload box. A power distribution unit (PDU), integrated into the standardized
payload box system, distributes electrical power to all instrument components (refer to
Figure 1). The payload box infrastructure facilitates communication between the instrument
and the rover. Alongside the PDU, this combination forms the Management Unit of the
payload box system as illustrated in Figure 5.

Payload Box Management Unit | ROVver

|
\—} =1 Single Board
Camera E Computer
mll LattePanda
Laser [ with Arduino
! Leonardo
i Microcontroller
Spectrometer | (M
Target lllumination !

Comr

MC

m— Power Supply
—— Communication (LAN, USB, 12C)

,,,,,,,, Trigger & Syncronization

Scanner

GPIO Pins

T, H Sensor |

LIBS Instrument ; | —— Control

Figure 5. Schematic of instrument’s hardware groups and how they are interconnected.

All LIBS instrument components collectively weigh approximately 1 kg, well below
the total weight limit imposed by the LRU2 robotic arm. To minimize the added torque to
the robotic arm’s movement, all instrument components were strategically positioned close
to the docking interface at the backside of the payload box.

2.2. Instrument Control and Software Description

The ARCHES LIBS software module comprises the instrument’s firmware running
on a LattePanda mini PC with Windows 10 in the payload box, and an analysis software
running on a ground station computer—the computer where the operations team receives
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the data measured in the field. The SBC is equipped with an Arduino Leonardo micro-
controller that facilitates direct and fast control of many of the instrument’s hardware
components, such as the scanner, which is directly driven by a pulse width modulated
(PWM) general purpose input/output (GPIO) pin. It also triggers measurements by pro-
viding synchronized trigger signals for releasing the laser pulse and recording a spectrum
with the spectrometer. The instrument’s laser and spectrometer are configured by the
control software, implemented in LabView on the SBC Windows system. The software also
provides the rover with an API, enabling interaction with the instrument through serial
communication. An API software library, implemented in Python, runs on the rover in
version 1.2 and manages the sending of instructions to the instrument and retrieving data
from it.

LIBS measurements are initiated by a single command from the rover, encompassing
all adjustable measurement parameters. A measurement can comprise multiple LIBS
spectra captured at a single position or different positions on the target along an arc.
The number of raster points along the arc and the number of laser shots per position can
be specified. Additionally, dark spectra are acquired during a measurement—these are
spectrometer data collected without the laser firing, while all measurement parameters
remain identical to the LIBS measurement. Measurement data can be retrieved from the
instrument as raw or processed data. Data processing includes averaging, removing the
dark spectrum from the LIBS spectrum, and generating a preview image of a spectrum.
The processed data provide a straightforward way to obtain an initial view of the spectrum
and is delivered as a processed graph in PNG format.

If further data analysis is necessary, the data can be retrieved as a binary file containing
all information recorded by the instrument. This encompasses spectral information, as well
as the temperature and humidity inside the payload box, the temperature of the laser head,
the time of the measurement, the number of measurement positions, the corresponding mo-
tor positions, and the number of measurements per position. The LIBS spectra are recorded
in 4093 channels as 16-bit integers, resulting in a data volume of about 8 kB per spectrum.
For a typical measurement involving 5 positions with 20 laser shots and 1 dark spectrum at
each position, a file of 840 kB is generated. Wavelength information is retrieved separately,
as it remains constant between subsequent measurements, requiring transmission only
once. The calibrated wavelength file consists of 4093 channels documented as 32-bit floats,
leading to a data volume of 16 kB for wavelength retrieval. All acquired spectra are stored
on the internal solid-state drive of the SBC as a backup in the binary raw data format.

Following the successful execution of the measurement procedure, the data can be
requested by the rover through the serial communication link. Once the LIBS data are
received from the instrument, the rover can transmit it to a ground station computer for
scientific analysis.

3. Data Visualization and Analysis Tool

To facilitate an immediate assessment of the raw LIBS data, we developed a graphical
application that equips scientists with a range of tools for data visualization, manipulation,
and analysis. A key feature of the application is an automatic emission line identification
algorithm based on the concept of spectral unmixing [32]. The program was implemented
in Python 3 utilizing the PyQt5 [33], matplotlib [34], NumPy [35], and SciPy [36] libraries.

3.1. Overview

Upon loading a spectrum, the user can opt to display the LIBS spectra recorded by the
instrument in three different ways:

1.  Average over all measurement points and shots: This provides a spectrum that is
more representative of the bulk composition.

2. Shot averages per position: Emphasizes differences between sampling locations.

3. Individual display of each shot’s spectrum: Reveals possible shot-to-shot variations,
allowing for the derivation of chemical trends with depth.
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Figure 6a illustrates the application’s main window after opening a measurement,
displaying the averages from five different sampling positions.
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Figure 6. Screenshots of the application used to visualize and analyze the recorded LIBS data.
In panel (a), the shot averages per position of a LIBS measurement are shown just after loading
the data. Panel (b) shows the GUI after using the automatic line identification feature. For a better
overview, the titanium (Ti) lines are hidden.

Once a set of LIBS spectra is loaded, they can be selected and manipulated individually
or collectively from the Spectrum Selector on the top right, where each loaded spectrum is
listed with its measurement ID. All spectra are initially displayed exactly as recorded by the
spectrometer. To account for the ambient lighting conditions and the instrument’s response
function, dark spectra can be subtracted and a calibration curve can be applied. For the
removal of the background emission, which is usually undiagnostic, the user can choose
between a moving minima algorithm [37] and a polynomial fit. In both cases, the fitted
background signal is displayed, and parameters can be fine-tuned so that the fit quality can
be assessed visually. Finally, the LIBS spectra can be normalized using the sum, maximum,
and mean of the spectrum intensity.

Underneath the Spectrum Selector pane, the Line Browser allows the user to display
the positions of various rock-forming and trace element’s emission lines as color-coded
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lines in the spectrum. The intensity of each emission line is represented by the opaqueness
of the element marker line. This feature is enabled by the NIST LIBS database [38] and
helps in the identification of elements in the spectrum.

3.2. Automatic Line Identification

The emission lines of a recorded spectrum can also be identified automatically by a
method that was developed in house [32]. The method is a type of spectral unmixing that
involves solving a system of linear equations between an intensity calibrated measured LIBS
spectrum and a superposition of reference spectra. In our approach, the reference spectra
consist of computationally simulated atomic emissions from typical rock-forming and trace
elements and combinations of plasma temperatures, electron densities, and atomic densities.
The simulations are obtained from a homogeneous and stationary one-dimensional plasma
model under the assumption of local thermal equilibrium [39]. For the simulated emission
spectra, temperatures ranging from 5000 K to 30,000 K in eleven equidistant steps are used.
We consider electron densities between 1 x 10?2 m~3 and 2 x 10%* m~2 with six equidistant
steps on a logarithmic scale and atomic densities between 1 x 10 m~3 and 1 x 10** m~3
in five equidistant steps on a logarithmic scale. This range allows us to approximate
time-integrated input spectra by using a superposition of simulated reference spectra with
different plasma properties. By solving the system of equations, we obtain coefficients for
each reference spectrum that was used to match the input spectrum. To obtain a score for
each element, the coefficients for the normalized reference spectra corresponding to a given
element are summed. The computed score is thereby a measure of how much of the input
spectrum signal can be attributed to a given element. It should be noted that this score does
not reflect a quantitative measurement of the sample’s constituents.

When applying the automatic line identification tool in the analysis application, an el-
ement threshold score can be set inside the corresponding dialog and all elements that fall
above that threshold are selected automatically in the Line Browser. Furthermore, the syn-
thesized spectra for each element can be displayed, as well as the fitted sum spectrum. The
result of running the automatic spectrum analysis is shown in Figure 6b.

4. ARCHES LIBS Module as LRU2 Payload

We integrated the LIBS module as a modular payload of the lightweight rover unit
(LRU) for increased flexibility of the measuring possibilities. The manipulator of the rover
can dock to the payload and position the instrument on samples in the reachable workspace:
on rock-bed, walls and even on the ceilings of caves. For laser-safety reasons, however,
in the ARCHES mission scenario, the LIBS module was only positioned in a way that the
laser was targeting downwards.

The entire process of instrument deployment is fully autonomous [40]. The LRU
is equipped with two stereo systems that capture depth information around the system.
The images are segmented into individual objects using a neural network [41] and trans-
mitted to mission control for further analysis. Mission control selects a rock in the image,
and the algorithms on the rover calculate various instrument positions on the sample with
two constraints: (1) the contacted rock surface is flat, and (2) it can support the instrument
during the measuring process. The manipulator docks to the LIBS instrument on the rover’s
carrier, and the planning algorithms compute and execute a collision-free motion to the tar-
get position. A Cartesian impedance controller monitors the final contact motion with the
sample to ensure adequate forces during deployment. Once in position, the rover queries
the control software of the instrument to trigger the measurement as described in Section 2.
For immediate feedback on the measurement quality, the instrument software computes a
signal-to-noise ratio of the measurement. After the measurement, the manipulator retracts
the instrument and stores it in the rover payload carrier. The recorded data are downloaded
from the instrument to the rover and uploaded to mission control. Due to the supported
autonomy, the system is capable of recording LIBS data for approximately five to seven
different samples per hour.
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The execution of the LIBS measurement task followed the modular approach presented
in [30]. With several hardware and software modular components integrated into both
the LRU and the payload module, this strategy provided versatility and robustness to the
ARCHES scientific mission. The use of the LIBS module represents a strong application of
the guiding paradigm of the LRUs, i.e., a universal, lightweight rover specialized in navi-
gation, exploration, and manipulation of payloads and tools. This paradigm contradicts
today’s approach to rover-based planetary exploration, which involves large and heavy mo-
bile systems equipped with permanently installed sub-components to cover their complete
mission extent. The increasing number of components, however, escalates the system’s
complexity, launch cost, energy consumption, and the risk of failures. A key element that
enables the LRU to fulfill a multi-role capability during its missions by handling payloads
and tools is the so-called ENVICON docking interface, initially developed during the
ROBEX project [42]. The docking interface is used together with a Kinova Jaco Manipulator
Arm capable of manipulating 2.5kg. Its diameter is 102 mm, and it is designed around
the manipulator arm’s tool center point (TCP) in such a way that the distance between the
payload’s center of gravity and the front face of the TCP is kept as short as possible.

As depicted in Figure 7, the docking interface makes use of a set of flexible sheet
metal springs that perform a transition from a more position-tolerant pre-docking regime
to a precise and stable fixation. Therefore, the springs open up in front of the barrel-
shaped docking interface facing towards their coupling partner. At the beginning of the
docking cycle, they form a funnel-like structure that promotes a safe coupling approach
(see Figure 7). Within the axial center of both coupling partners, a coaxial connector
(male and female counterpart) is situated, enabling the host system to provide power and
communication to the payload. This feature, designed together with the initial version of
the docking interface, was successfully tested for the first time during the ARCHES project
and enabled the efficient usage of the LIBS instrument.

Figure 7. Docking interface ENVICON, showing the retracted grasping springs as well as the male,
co-axial connector (left). The JACO robotic manipulator arm on a trajectory to the pre-docking
position and the grasping springs opened to form a funnel-like structure (right).

The LIBS module is equipped with the Payload Box Infrastructure Management
System (PBIMS), an electronic board responsible for power management and data com-
munication with the host system. The PBIMS provides regulated power to the payload
system with up to seven different voltage buses. In the case of the LIBS instrument, only
buses with 5V and 48 V are used. On its power input, the PBIMS can automatically select
from up to three different non-regulated power sources ranging between 24 V and 30 V.
Telemetry data transmission to the host system is enabled by various wired and wireless
communication interfaces on the board. Additionally, onboard sensors such as an inertial
measurement unit (IMU) and environmental gauges are included. Once communication
is established with the PBIMS onboard controller, telemetry data and power switching
control become available. Moreover, the controller runs automated powering schemes for
the proper operation of the LIBS instrument, especially during power-up.
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5. Results

The ARCHES LIBS module was constructed and tested at the instrument level at the
DLR Institute of Optical Sensor Systems (OS) in Berlin. In contrast, the LRU2 is typically
located at the DLR Institute of Robotics and Mechatronics (RM) in Oberpfaffenhofen in
Southern Germany. The coupling and initial testing of the LIBS module with the LRU2
took place at the Planetary Exploration Laboratory (PEL), an indoor testing facility at
DLR Oberpfaffenhofen. This testing aimed to serve as a dress rehearsal for the space
demonstration mission field test on Mount Etna and to identify any potentially missing
but essential development steps. The test at PEL is detailed in the first part of this section,
while the field space demonstration mission is covered in the second part.

5.1. Laboratory Tests at PEL

The first test for the LIBS instrument alongside the LRU rover took place in October
2021. At that time, the instrument box still featured a pin-shaped 3D-printed distance
pin. Additionally, the instrument case was covered with a thin yellow fabric that could be
quickly removed to facilitate visual checks and hardware adjustments. In the experiments,
the LIBS instrument was docked in a standard payload application. Initially, the instrument
was placed on the payload carrier of the LRU, and the robotic arm was in its parking
position. The LIBS was then manipulated onto a sample rock of convenient height using the
manipulator arm. This rock served as a test target, and the arm positioned the instrument
so that the distance pin touched the target from above, and the laser aperture faced down
on the target. Subsequently, a firing sequence of the laser was automatically initiated.
As depicted in Figure 8, the box was still tethered by a power cable, bypassing the power
connector of the docking interface. This was necessary, as the power required for firing
the laser had to be conveniently buffered by the LIBS instrument’s PBIMS. Since the two
development tracks were carried out at different locations (DLR-OS in Berlin and DLR-
RM in Oberpfaffenhofen), the adjustment of the integrated buffer had to be performed
based on measurement data derived from the tests. Throughout the tests, firing sequences
were successfully executed, and all data needed for the remaining optimizations to ensure
the safe and reliable operation of the instrument were collected. The distance pin was
found to be too weak for consecutive measurements and was subsequently redesigned
as a cylindrical baffle for the dress rehearsal. Following this dress rehearsal experiment,
the LIBS module was returned to DLR-OS in Berlin.

Figure 8. LRU2 with LIBS module taking a measurement of a rock during testing at the planetary
exploration laboratory (PEL) at DLR Oberpfaffenhofen.
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5.2. Space Analogue Mission at Mount Etna, Sicily

The volcanic foothills of Mount Etna in Sicily, Italy, were chosen as a suitable loca-
tion for the ARCHES space analogue demonstration mission due to their resemblance
to barren extraterrestrial surfaces like the Moon. The mission involved a diverse team
of interconnected mobile and static robots, comprising rovers, a drone, and a lander.
The team operated collaboratively and semi-autonomously to deploy tools and sensors in
the field [19,27,28]. Additionally, the ARCHES team collaborated with the ESA METERON
project (Multipurpose End-To-End Robotics Operations Network), focusing on preparing
for future human-robotic exploration scenarios [29].

Originally scheduled for summer 2020, the ARCHES space analogue demonstration
mission faced two postponements due to the COVID-19 pandemic and was ultimately
conducted in summer 2022. The entire campaign spanned four weeks, encompassing on-
site preparations of hardware, software, and networks, the execution of the demonstration
mission, and subsequent dismantling and packing activities.

The integrated mission scenario involved a combination of operator instructions and
autonomous robot decisions. The mission was organized into two parts for geological
exploration (Geo I and Geo II) and a third part, where a low-frequency antenna array was
installed in the field as detailed in [19,27,28].

Geo I primarily focused on the technical demonstration of cooperating autonomous
robotic assets. For this purpose, the two LRUs of DLR were deployed alongside the flying
drone ARDEA to autonomously explore the site, provide data for an accurate local map,
and perform in-situ analysis. In addition to exploration and scientific measurements, Geo I
also demonstrated the end-to-end scientific process of sample selection. In Geo II, the focus
was on sample return comprising two additional rovers and featuring teleoperations
by an astronaut. The LIBS instrument and its robotic platform, the LRU2, were part of
Geo I, and we will focus here on its implementation and performance in this part of the
mission scenario.

In the overall mission scenario, the Lander arrived at a location that was chosen by
scientists and mission operators beforehand, based on orbital data. In Geo ], as a first action,
LRU1 and the ARDEA drone are sent for mapping and, hence, to give a visual overview
of the landing site in the proximity (max. 50 m distance) of the Lander. For this purpose,
the LRU1 is equipped with seven cameras in its pan-tilt unit including a scientific camera,
navigation cameras, and wide-angle stereo cameras, see [19] for more details. While LRU1
could successfully perform its task, the ARDEA drone could unfortunately not fly for
the demonstration due to too strong winds [28]. The first task of LRU2 in Geo 1 was the
collection of a sample box from the Lander and collecting rock and soil samples in the field
with a robotic hand coupled to its robotic arm and it completed this task successfully. The
second task of LRU2 was then to use the LIBS module to carry out a geochemical analysis
of three different rocks at different locations in the area explored by the ARCHES robot
team. LRU2 successfully collected the LIBS payload box from the Lander, placed it into
the cage on its back and drove to the first target of interest. When an appropriate distance
to the target was reached, stereo images were acquired with the rover cameras, and the
operating team selected a target from a segmented image (see details described in Section 4
and [40]). The LIBS module was then coupled to the robotic arm and positioned onto the
rock, see Figures 2 and 9. Here, the rover commanded the LIBS instrument to initiate the
measurement process, which involved the triggering of a sequence of laser pulses and the
recording of the spectra of the laser-induced plasmas. The rover then downloaded the data
from the LIBS module and transmitted them to mission control, where they were displayed
in the ARCHES LIBS GUI and analyzed by the scientific team. The LIBS measurement by
the LRU2 in the field test was then repeated two additional times.
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Figure 9. Picture sequence, showing the LRU2 coupling its robotic arm to the LIBS modular payload
box on its back and placing the instrument onto a target for the measurement. In the background,
LRUI1 equipped with cameras can be seen.

5.3. LIBS Data Analysis

The acquired LIBS data enable both qualitative and quantitative elemental analysis of
the investigated sample. In the wavelength range of the ARCHES LIBS instrument from
531 to 776 nm, several major and minor rock-forming elements are available. Figure 10
displays two LIBS spectra acquired with the ARCHES LIBS: one from an unknown rock at
the testbed at PEL and the other from a presumably igneous rock with a volcanic context at
the foothills of Mt. Etna during the demonstration mission. Each spectrum represents the
average of ten laser shots from a single position on the sampled rock.

The spectrum acquired indoors at PEL exhibits strong calcium (Ca) emission, moderate
emission of sodium (Na) and potassium (K), and silicon (5i) emission. The spectrum
obtained at Mt. Etna shows strong emission of the alkali metals Na, K, and lithium (Li),
and low emission of Ca and Si. Hydrogen (H) is present in both spectra, along with the
nitrogen (N) triplet, resulting from the breakdown of ambient gas contributing to the
laser-induced plasma. Both spectra feature emission lines of observable elements with
sufficient signal-to-noise ratio (SNR), allowing further analysis, such as classification or
the derivation of quantitative elemental values. For the latter, reference LIBS data were
obtained with the ARCHES LIBS module from a set of geological samples provided by
ESA, and the results will be presented in an upcoming publication.
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Figure 10. LIBS spectra recorded with the ARCHES LIBS instrument on rocks during tests at PEL and

the demonstration mission on Mt. Etna. Each spectrum represents the average of ten laser shots from

a single position on the sampled rock. The continuum signal was removed using a moving minima

algorithm, and each spectrum is normalized with its respective sum for easier comparison of the
spectra’s relative line intensities.
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6. Discussion

None of the anticipated problems during the demonstration mission turned out to
be showstoppers. For instance, we opted to use the laser without the dedicated plate
for passive cooling and did not implement any active temperature control or ventilator.
The laser provider specifies an operational temperature range from 15 to 30 °C, which
raised concerns about potential conflicts with local temperatures at the test site, where
mornings can be rather chilly and afternoons very hot. However, we did not encounter
any issues related to the laser being too cold or becoming too hot. In the ARCHES mission
scenarios, the time needed to move between different measurement locations was sufficient
for the laser to deliver several hundred laser pulses without additional cooling.

The housing and envelope of the LIBS module were chosen as constraints from the
rover and were kept to facilitate the handling of the module by the rover. However,
during the field test on Mt. Etna, this design revealed drawbacks when strong winds
imposed additional loads on the rover’s arm, making it challenging to handle. Since the
hardware of the LIBS instrument only occupies a fraction of the current modular box, future
designs can be more compact, lightweight, and less susceptible to winds.

Furthermore, since the visual context of the measured target is essential for the scien-
tific analysis and interpretation of the spectral data, a camera is typically an important part
of a LIBS payload. Unfortunately, the integrated camera in this first version of the ARCHES
LIBS module was faulty and could not be used in the demonstration mission. A functional
camera will be integrated in the next upgrade of the LIBS modular payload box.

The spectrometer we utilized in this initial version of the LIBS module was origi-
nally configured for Raman spectroscopy with a 50 pm slit to achieve higher throughput.
An upgrade could involve using a spectrometer with a smaller slit to improve the spectral
resolution for LIBS, which would also allow for the use of a larger 200 pm fiber. Neverthe-
less, the selected spectrometer and its spectral range proved sufficient for demonstrating the
functionality of the LIBS module for the DLR LRU2, enabling the collection of meaningful
LIBS data from the field. However, to maximize the scientific value, an extended wave-
length range that covers additional major elements such as magnesium, iron, and titanium,
as well as more minor and trace elements, would be beneficial. In an upgraded version,
we will explore options to increase the spectral range, either at the cost of resolution or by
adding an additional spectrometer.

7. Summary and Conclusions

The LIBS instrument module developed for the DLR LRU2 rover demonstrated suc-
cessful performance during the field test at Mt. Etna, Sicily, obtaining suitable in-situ LIBS
data of the geological targets. The ARCHES LIBS module, a first prototype, underwent min-
imal alterations after the indoor test at DLR-RM, including replacing a spacer with a baffle
and changing the cover. To the best of our knowledge, it represents the first arm-deployed
LIBS instrument on a rover.

As part of a sustainability-focused project, the ARCHES LIBS module is currently
undergoing upgrades and adaptations for soil analysis in an agricultural context. The en-
hancements include the implementation of a camera for context images, a more compact
design, and the integration of additional sensors, such as a microphone, to improve data
analysis. Furthermore, in an upgraded version, efforts will be made to extend the wave-
length range, covering additional elements of interest.
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Abbreviations

The following abbreviations are used in this manuscript:

API Application Programming Interface

ARCHES Autonomous Robotic Networks to Help Modern Societies
DLR Deutsches Zentrum fiir Luft- und Raumfahrt (German Aerospace Center)
DPSS Diode Pumped Solid State

FDM Fused Deposition Modeling

GPIO General Purpose Input/Output

GUI Graphical User Interface

MU Inertial Measurement Unit

LED Light Emitting Diode

LIBS Laser-Induced Breakdown Spectroscopy

LRU Lightweight Rover Unit

NIR Near Infrared

PBIMS Payload Box Infrastructure Management System
PCB Printed Circuit Board

PDU Power Distribution Unit

PEL Planetary Exploration Laboratory

PETG Polyethylenenterephthalat-Glycol

PNG Portable Network Graphics

PWM Pulse Width Modulated

ROBEX Robotic Exploration of Extreme Environments
SBC Single Board Computer

SNR Signal-to-Noise Ratio

SSD Solid-State Drive

uv Ultraviolet
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