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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 

Authorized licensed use limited to: University Bern. Downloaded on May 17,2024 at 07:29:02 UTC from IEEE Xplore.  Restrictions apply. 



5 

 

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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