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Abstract— We present a Laser Ablation lonization Mass
Spectrometer (LIMS) for the sensitive, chemical analysis of solid
matter as an analytical instrument on a landed spacecraft on the
Moon, as a possible application in the ARTEMIS program of
NASA. Our LIMS system is compact, features simple and
robust operation, and is based on current measurement
capabilities of a real-size prototype system. Our LIMS instru-
ment can be part of the payload of a rover, can be portable for
field excursions of astronauts, or be part of an instrument suite
at the lunar base for detailed investigations of samples collected
in the field. LIMS measurements provide chemical analysis
within seconds, detection of trace elements at the ppm level and
below, without sample preparation to support investigations
from pure scientific interest all the way to in situ resource
utilization (ISRU) related tasks. The LIMS instrument is a
reflectron-type time-of-flight mass spectrometer coupled to a
femtosecond laser for ablation and ionization of sample material
for mass spectrometric analysis of solid samples. The LIMS was
originally designed for the application on Mercury surface and
since then was continuously developed further for in situ
research on planetary surfaces. We operated a fully functional
LIMS prototype that has been operated for many years in our
laboratory. It has a mass resolution up to 900, with an accuracy
of the mass scale of 500 ppm, a detection limit around 10 ppb
depending on mass, and a dynamic range of 8 decades, which
allows for quantitative measurements of almost all elements in
laser ablation mode. Furthermore, it enables the detection of
complex molecules in laser desorption mode. With every laser
pulse a small amount of sample material is removed, thus, when
staying 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, allowing, for
example, to penetrate through the space weathered layer on
grains and rocks to access the true chemical composition of the
material. We combined our LIMS system with a high-resolution
microscope camera system (MCS), which has its own multi-
color sample illumination. MCS has an optical resolution of 2
pm for detailed optical investigation of the sample. In this way,
mass spectrometric analysis and imaging information are
available from the exact same location on the sample.
Microscope images provide characterization of a sample for
context analysis and supporting mineralogical classifications.
For the demonstration of performance of our miniature LIMS
system, we will present exemplary studies conducted on suitable
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sample materials that are relevant for in situ space exploration,
that includes e.g., the identification of the mineralogy of hetero-
geneous samples, as well as element and isotope studies
conducted on lunar and chondritic meteorites, which allows
studies of in situ radio-isotope geochronology.
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1. INTRODUCTION

Our research on planetary surfaces is concerned with the
composition of the material at or near the surface, the
regolith, the rocks, and the volatile material contained therein
of which we measure the chemical, elemental, and isotope
composition, at high spatial resolution, of surface material
with laser-based mass spectrometry. From the recorded mass
spectra we derive the local mineralogy and petrology. These
data provide crucial information about physical conditions of
their formation [1].

We developed two highly miniature Laser Ablation
Ionization Mass Spectrometry (LIMS) instruments for in situ
planetary research [2,3,4], which were originally intended for
a lander on Mercury as part of the BepiColombo mission of
ESA [5]. LIMS uses pulsed lasers of high intensity (MW/cm?
to TW/cm?) so that the material in the ablation plume is
completely atomized and a large fraction of the atoms are
ionized simultaneously. For almost two decades, we
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continuously improved the larger of the two LIMS
instruments in preparation for future landed missions for
versatile use on lunar, asteroid, Mars and other planetary
surfaces. Also thanks to our work, 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 [6, 7].

After exchanging the original ns-laser system to a fs-laser
system for the laser ablation/laser ionization, the overall
instrument performance was improved significantly allowing
more sensitive chemical analysis, better reproducibility and
improved accuracies of quantitative chemical analysis, and
the calibration is more robust [8].

We recently upgraded our LIMS instrument and combined it
with a microscope imaging system [9] allowing for in situ
imagery of the sample at micrometer spatial resolution. The
usefulness of such a combination was suggested already
some time ago [1]. In 2014, we proposed such an instrument
for the MarcoPolo asteroid mission [10].

2. INSTRUMENT DESCRIPTION

The mass analyzer of the instrument is a miniature reflectron-
type time-of-flight (R-TOF) mass spectrometer located inside
a vacuum chamber at pressure maintained at an operating
pressure below 10”7 mbar. The sample is located right at the
entrance of the ion-optical system. With every laser pulse a
small amount of sample material is ablated, about 1 pg per
laser shot, with the amount depending on laser pulse energy
and sample material. The ablated material is atomized,
ionized and subjected to mass analysis. Positive ions
produced during the laser ablation process can enter the ion
optics of TOF system. The ions are accelerated and focused
by an immersion lens, which collects almost all produced
ions, and guides these ions onto the TOF path. After passing
the drift tube the ion path is folded by an ion mirror, which
also has energy and spatial focusing capabilities. The energy
focusing improves the mass resolution, the spatial focusing
assures that all ions are directed to the detector at the end of
the drift path (see Fig. 1 for the schematics of the ion optics).

For laser ablation we currently use a pulsed laser system
(Chirped Pulse Amplified (CPA), Clark-MXR Inc., USA)
that generates pulses of ~190 fs pulse width at 1 kHz laser
pulse repetition rate at 258 nm wavelength. This wavelength
is produced by harmonic conversion from the fundamental at
775 nm (Storc, Clark-MXR Inc., USA). The femtosecond
laser beam has a Gaussian shaped cross section, both
temporal and spatial. A dedicated optical system consisting
of dielectric mirrors (e.g., Thorlabs Inc., USA) and beam
expander (Eksma Optics, Lithuania) guides the laser pulses
towards the vacuum chamber, through an entrance window,
focused through the mass analyzer with a lens system
installed on top of the mass analyzer, along its central axis,
towards to the sample which is positioned right below the
entrance optics of the analyzer. The sample surface is

remotely manipulated by a Xx,y,z-translation stage with
micrometer positioning accuracy at the focal plane of the
laser beam. The location of the focal plane is investigated
once, at the beginning of the measurement campaign, by
online monitoring of the recorded signal intensity and the
crater size for very low pulse energies. At these laser
conditions, both a clear signal and a crater are only observed
when the sample surface is located at the focal point. The
positioning of the focal plane is done with an accuracy of
about 10 pum. In the current arrangement the ion-optical
settings transmit only positively charged species towards the
detection unit, which consists of two microchannel plates
(MCP’s) in chevron configuration and four centrosymmetric
anodic rings [11]. These anodes have different gains, and
only one or all four anodes are used for the detection of the
ion current depending on the study.

Each laser pulse, hence each ablated plasma plume from the
sample surface, triggers the recording of a 20 us long time-
of-flight (TOF) spectrum, corresponding to a mass range of
1 to about 700 m/z. The signal registered on the detector is
recorded by a high-speed ADC data acquisition system
(US303A, Acqiris SA, Switzerland) with a sampling rate of
3.2 GS/s and a vertical range of 12 bit. To increase the
dynamic range of the signal, we usually sum up multiple TOF
spectra, i.e., we perform histogramming. This histogramming
can already be performed directly in the data acquisition
system, as well as later during the data analysis procedure,
depending on the analytical needs. Depth profiling studies are
the exception, where single laser pulse spectra are analyzed
[12]. The extend of histogramming amounts to a compromise
between mass resolution and ion transmission hence signal
intensity.

Figure 1 shows a schematic drawing of the LIMS instrument,
where the ion-optical system is displayed with some sample
ion trajectories originating from the ablation plume from the
sample, passing through the drift tube, being reflected by the
ion-mirror onto the detector after passing the drift tube a
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Fig. 1: LIMS instrument: Left schematic drawing of
the LIMS instrument; Right: the actual mass spectro-
meter (golden structure in the back) and the micro-
scopic imaging system in front [9]. The sample is
moved between the two by a translation stage with pm
resolution and repeatability.
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second time. The schematics in Fig. 1 also show the final path
of the ablation laser beam optics. The laser pulses are
introduced co-axially to the ion-optical system with the last
lens being located above the ion-mirror focusing the laser
beam onto the sample surface while passing through the ion-
optical system. Figure 1 also shows the actual mass spectro-
meter and the front end of the microscope imaging system.
The sample is transferred between these two systems with
micrometer accuracy.

3. MASS SPECTROMETER PERFORMANCE

We achieve comparable performance like much larger state-
of-the-art laboratory instruments, such as SIMS, LA-ICP-MS
or GD-TOF-MS [6], and we are among the leading groups in
laser-based mass spectrometry world-wide, see a recent
review [13]. The LIMS performance allowed us addressing
many research questions in planetary science [e.g., 9, 14, 15,
16, 17, 18, 19] and in applied science [e.g., 12, 20, 21, 22,
23], as well as contributions to laser ablation science [e.g.,
22,28, 40].

Mass Range

Each laser pulse triggers a TOF spectrum. The TOF mass
spectra are measured on a linear time scale ¢ by the high-
speed ADC data acquisition system, and the recording
extends for a 20 pus long TOF spectrum.

The transformation into mass scale is made with two
calibration factors using the simple relation

m = ky(t — ty)?

where m (u) is the mass, ¢ (ns) denotes TOF, ko and 7o are the
calibration constants, which are determined experimentally
from the TOF spectra directly. Because the values of ko and,
to constants depend on the voltage settings of the ion optical
system, they are subject to changes. The accuracy of the mass
scale about 500 ppm [4]. The mass calibration can be derived
from each mass spectrum individually, if necessary, as long
as two peaks at TOFs # and #£2 in the TOF spectrum can be
identified as masses m1 and ma:

b= (\/ m1/m2)t2 —t
° (,/ml/mz) -1
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Fig. 2: High-mass section of a geological sample, a
Gunflint chert, from [14].

This procedure allows for accurate in-flight calibration of the
mass scale at any time, and it is independent of reference
samples.

The constants ko and, # can be calculated also by using the
parameters obtained by a linear regression of the flight times
for elements and isotopes identified in the TOF spectrum
against the square root of the attributed absolute mass values
from the literature [4].

Figure 2 shows a mass spectrum from a geological sample, a
Gunflint chert [14], which is a fine-grained sedimentary rock
composed of microcrystalline crystals of quartz, to
demonstrate the mass range. The TOF spectrum of 20 us
duration converts to a mass range of 1toabout 700 m/z,
where the larger silicon oxides, SixOy, can be identified up to
masses of 700 m/z.

Mass Resolution

The mass resolution of our LIMS instrument typically is
m/Am =200-500, depending on mass, for element analysis of
geological samples. The mass resolution can be raised to
m/Am = 900 for isotope ratio measurements by optimizing the
voltages applied to the ion optical system and the detector, as
well as optimizing the laser pulse energy [24].

Sensitivity

Detection sensitivity is an important parameter for the
chemical composition analysis, since the interesting
information of a sample is often at element abundances at
trace level. High sensitivity is also important for the accurate
determination of isotope abundances, because many
interesting isotopes are at low abundances. Competing
instruments for in situ composition analysis have sensitivities
at the per mil level. For example, Laser-Induced Breakdown
Spectroscopy (LIBS) is used to measure the chemical
composition of rocks [25, 26] aboard of the Mars Science
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Fig. 3 Mass spectrum of a superimposed high-gain anode
(black) and low-gain anode (red) signal of measurements
on NIST SRM 665 reference sample [11].
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Laboratory Rover Curiosity, which has a sensitivity for
elements down to the percent or per mil level, depending on
species. Similarly, the Alpha-Particle X-ray Spectrometer
(APXS) instrument has a sensitivity for elements down to the
percent or per mil level, also depending on species [27]. In
comparison, with our LIMS instrument we routinely achieve
a detection limit at the ppm level, and in favorable cases
down to the 10 ppb level [10].

A crucial part of the good sensitivity and mass resolution of
our LIMS instrument is the MCP detector system with 4
separate anodes, which allows recording up to 4 mass spectra
simultaneously at different gain levels. We developed a
special impedance-matched strip-line technology for the
anode of the detector for the signal pick-up, with single-ion
pulses of only 250 ps width [11]. Combining measurements
of 2, 3 or all 4 anodes at different gains we accomplished a
dynamic range of almost 8 orders of magnitude. Figure 3 is
showing a measurement on a NIST SRM 665 sample using
the combination of two detector channels.

Detection of Molecules

By operating the laser at lower pulse intensities, in the range
of 10 — 100 MW/cm™2, we perform measurements in the laser
desorption mode, instead of the laser ablation mode. Laser
desorption allows for the detection of complex molecules
present on the surface, and even to obtain some structural
information from these molecules [7, 10, 20]. By combining
laser ablation and laser desorption modes during depth
profiling at high spatial resolution, it was possible to verify
complex molecular interaction pathways that occur at grain
boundary sides inside the sample [28]. Figure 4 shows two
laser desorption mass spectra recorded with our LIMS
instrument from two complex chemical substances used in
the Cu plating processes in the semiconductor industry [7].
The bottom panel shows the monomer peaks of a co-polymer
of imidazole and epichlorohydrin (IMEP polymer) and the
top panel shows the fragment peaks of bis-sodium-
sulfopropyldisulfide (the suppressor ensemble). From the
fragment peaks a more complex molecular structure can be
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Fig. 4: Laser desorption mass spectra of the precipitated
suppressor ensemble (top spectrum) and the pristine
IMEP polymer (bottom spectrum) [7]. Dashed lines in
the schematics of the IMEP molecules indicate fragments
observed in the mass spectra shown with a colored
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Fig. 5: Comparison of the measured abundances by our
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low, because the °Fe signal is saturated in this detector
channel.

identified in the mass spectra (see Fig. 4, where the IMEP
fragments are indicated by colored background). The
presence of these molecules indicates the occurrence of a
specific chemical interaction between different substances
(imidazole, thiolate-related fragments and Cu) during the
electrolytical reaction [6].

Quantitative Measurements of Element Abundances

The quantitative measurement of the abundance of elements
in a sample is another important parameter for composition
analysis. We perform quantitative measurements of almost
all elements in laser ablation mode. The accuracy of the
quantitative determination of element abundances is verified
against references samples, either analyzing metallic samples
from NIST, e.g., SRM 661, SRM 664, and SRM 665 [8, 10],
or analyzing geological standards [29]. Figure 5 shows a
comparison of the measured abundances by our LIMS to the
certified values by NIST for the more abundant elements.
Ideally, all points would lie on the line with slope 1. From the
deviations to this line we derive the calibrations constants for
LIMS. Recently, we developed an analysis procedure where
the calibration for mineralogical samples can be accom-
plished without relying on separate standard samples [30].
This is of particular importance in case a specific reference
sample is required but not available during a space
exploration mission.

In a composition study of Cu-Sn-Pb ternary alloys we
compared our results with analyses by ICP-CRI-MS and LA-
ICP-MS instruments and found that the three independent
measurements agreed well within error [21]. Table 1 shows
the comparison between our LIMS measurements and two
ICP-MS analyses. Although the two ICP-MS studies quote
smaller errors than we can assign to our LIMS measurements,
it turns out that the differences between the two independent
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ICP-MS measurements are larger
than their quoted error bars using
aliquots of the sample [21].

Isotope Measurements

Table 1: Summary of composition measurements for three Cu-Sn-Pb alloy
samples obtained by LMS, ICP-CRI-MS and LA-ICP-MS techniques.
Abundances and errors are given in wt% [21].

DIN 1716 LMS ICP-MS | LA-ICP-MS
ﬁfiztfgtg ;Srztvﬁlzlzsasafﬁgigedggeiﬂ; Cu| 78.0-82.0 | 78.61+11.87 | 82.26+4.13 | 76.99+0.75
planetary science about processes | CUSWIOPD10 | Sn | 9.0-11.0 | 9.94+245 | 6.69£0.79 | 1091+0.19
modifying matter and of their Pb 8.0-11.0 12.25+3.28 11.13+0.63 8.56 £ 0.47

Eggﬁé nlt’m;’;l')f’lliféattien Si)nfglfsofg;; Cu| 75.0-79.0 | 77.93+11.77 | 75.55+3.73 | 70.67 +1.03
measurement would be the deter. | CuSn7Pb15 [ Sn [ 7.0-9.0 565+139 | 656+040 | 7.30+0.06

mination of the absolute age, for Pb | 13.0-17.0 | 14.89+3.99 | 19.45+0.57 | 18.42+1.04
g’;fglplgoiaﬁgigtkgf ];‘;;’Ikrf SE EEZ Cu| 69.0-760 | 7637=11.53 | 75.63£3.39 | 74.94+0.68
Moon. Radiometric dating of rocks | CuSnSPb20 | Sn [ 4.0-6.0 599+ 148 | 7.08+0.73 | 6.92+0.11

(finding ages using the abundances Pb | 18.0-23.0 | 15.63+4.19 | 20.59+1.25 | 16.59+0.62

of radioactive isotopes and their
decay products) is the most precise and reliable way to
determine quantitative planetary chronology [1]. Currently,
there are three different concepts proposed for in situ dating
of planetary matter: the Sr-Rb method [31], the K-Ar method
[32, 33], which was used on the Curiosity rover [34], and the
lead isotope method we plan to use [8], for which a LIMS
instrument is necessary.

We determined the accuracy of isotope abundance
measurements as function of the abundance of species using
NIST steel reference samples and found that the accuracy
degrades with lower abundance, as expected [10, 24], but the
accuracy still is sufficient for in situ planetary research for
species at the 10 ppm level. Figure 6 shows the correlation
between the abundance of an isotope and the accuracy with
which this isotope abundance can be measured with our
LIMS instrument. After the improvement of the laser optical
system, which resulted in a smaller laser focus on the sample,
we find that the accuracies of the measured isotopes are better
than at the percent-level, the isotope abundances have to be
larger than about 2 ppm, and at 100 ppb isotope abundances
a relative accuracy of 4% is measured.

For dating we decided to investigate the Pb-Pb isotope
technique because that can be done using only the Pb
isotopes, which removes the need to establish the element
sensitivities of the instrument with high accuracies. The
difficulty in this measurement is the low abundance of Pb in
typical planetological samples. To assess the potential of Pb
dating we performed measurements with a NIST Pb reference
sample (NIST SRM 981), with Galena samples, and a NIST
iron sample with 66 ppb lead to derive the accuracies for the
abundances of the Pb isotopes. By optimizing the laser
fluence for ablation and the data acquisition procedure for
isotope measurements we reached good accuracy. For galena
samples we achieved accuracies at the per mil level and
better, which are comparable to those values derived from
TIMS measurements conducted on the same sample material
[24].

To estimate the expected accuracy of our instrument for lead
dating we used the 27Pb/?%Pb data from monazite grains
from Paleoproterozoic metamorphic rocks from West
Greenland [35], which have a high Pb abundance ranging
from 100°s to 1000°s ppm. We assume a constant 20’Pb/2%Pb
ratio of 0.11261 in these estimates. Since the concentrations
of radiogenic elements in the lunar soil are in the ppm range
[36], we have to look for mineral inclusions where these are
enriched. For an estimate, we used data for zircon grains in
lunar KREEP, which are highly abundant in U, Th, Pb in the
range of 10°s to 100‘s ppm [37]. Using these data and the
LIMS isotope accuracies (see Fig. 6), we calculate for the
estimated uncertainty for in situ dating using our LIMS
system an uncertainty of about +10 million years for the age
determination by LIMS for a realistic lunar mineral (see Fig.
7). Such accuracy will be scientifically very valuable when
LIMS is used on the lunar surface investigating element and
isotope composition of surface material, for example in the
South Pole Aitken basin.
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Black points indicate the initial laser optics setup, blue
points are for an improved setup.
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In another investigation, involving isotope measurements, we
studied samples that were collected from the slow-spreading
Mid-Atlantic Ridge at a depth of 27 m below the seafloor
during the Ocean Drilling Program Leg 209 [37]. It contains
aragonite veins hosted in serpentinized harzburgite. We
found microscopic structures in this sample resembling
fossils both morphologically and in their chemical
composition [15]. An interesting, yet challenging, goal for the
investigation of these samples was to derive the Ni isotope
abundances from microscopic structures, possibly
methanogens. Ni is part of enzymes of these methanogens,
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Fig. 8: Measurement of 3°Ni isotope values on a
Trevorite mineral standard with LIMS [17].

and the light Ni isotopes will enrich in these life forms. There
was a chemosynthetic dominated biosphere including
methanogenesis before the great oxidation event, which
changed to a photosynthetic dominated biosphere afterwards.
Since the methanogens require Ni for their survival, the
composition of Ni isotopes in the sample can be indicative of
fossils of that time, and perhaps of similar fossils on Mars.

Table 2: Compilation of §°*Ni measurements [16].

Sample S%Ni

Ni metal standard (1 run) | —0.11+0.45
Ni metal standard (2™ run) | +0.47+0.68
Trevorite (1% run) —0.02+0.91
Trevorite (2™ run) —-0.30+1.15
Stromatolites —4.77£1.74
Filaments —3.32+0.81

Figure 8 shows several LIMS measurements of the **Ni/**Ni
isotope ratio for a Trevorite mineral reference sample, a rare
nickel iron oxide mineral belonging to the spinel group [17].

Comparisons of the 3°Ni isotope measurements with the Ni
standard NIST SRM 986 and the Trevorite mineral show the
sufficient intrinsic accuracy in the Ni isotope measurement of
about 1 per mil using our LIMS instrument (see Fig. 8).
Because of the high spatial resolution of our LIMS system,
we can investigate the microscopic fossils of stromatolite and
filament embedded in the aragonite veins individually. We
find that the §°°Ni isotope values show that light isotopes are
enriched in fossilized microorganisms in basalts (see Table
2). In addition, we measured abundances of many trace
elements such as O, Mg, Si, Mn, Co, S, C, Fe and Ni
providing the mineralogical context and environmental
background of the embedded fossils.

Spatially Resolved Measurements

Since most planetary samples are highly spatially hetero-
geneous, it is necessary to perform measurements of the
chemical composition on small spots commensurate with the
typical grain size of the object. Mostly a spatial resolution of
10-20 pm is used, which is given by the laser spot size on the
sample in LIMS. With our LIMS laser system we can focus
the laser beam down to © 5 um, which defines the best spatial
resolution on a sample we can accomplish. To address the
heterogeneity of typical mineralogical samples we perform
analyses in 1D (depth profiles), 2D (chemical maps), and full
3D of a sample (3D resolved bulk analysis).

1D Analysis— Since the laser continuously removes material
from the surface, the sequence of mass spectra from a
sampled spot can be used to derive a depth profile of the
atomic composition at the sampled location [11, 40]. We find
that the obtained sampling in depth is in steps of less than
1 nm, with the step size being of course a function of applied
laser intensity [12]. The high-resolution depth profiling
measurements with LIMS of e.g. electrochemically deposited
Cu films produced in the semiconductor technology have
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Fig. 9: Comparison of a single pulse (SP) (A-C), double
pulse (DP) with both pulses at the same energy (72 nJ)
and ~73 ps delay (D-F), and DP with first pulse at 72 nJ,
second pulse at 79 nJ, and 73 ps delay (G-I). Top, middle
and bottom panels describe the recorded depth profiles
of Cr, Ni and Si, respectively [22].

shown the presence of complex organic contaminants located
at grain boundaries [12, 20]. When drilling through the grain
boundary in the course of the depth profile, we observe a
sharp increase and subsequent decrease of the C, N and O
contaminant signals which is in phase and is anti-correlated
with the Cu signal. Compared to earlier SIMS measurements
our LIMS measurements allow for element quantification,
which SIMS cannot provide, and show much better depth
resolution than standard SIMS instruments. We also recorded
detailed depth profiles for Cu-Sn-Pb alloys, which showed
large, however unexpected, chemical heterogeneity of these
alloys on pm-scales [21].

A recent example for a 1D study is our investigation of the
NIST SRM 2135c¢ depth profiling reference standard, which
has alternating layers of Cr and Ni (5 Cr layers, and 4 Ni
layers) with nominal layer of thicknesses of 57 nm and 56 nm
for Cr and Ni, respectively [22]. In this study we compared
LIMS measurements using single pulse and double pulse me-
thods, with the latter showing clear advantages for the depth
resolution, which can be even improved by optimizing the
energies of the first and second laser pulse (see Fig. 9). In the
double pulse methods two co-axial laser pulses with a time
difference of a few tens of ps are applied instead of one laser
pulse, where the first laser pulse is mainly responsible for the
laser ablation of material from the surface and the second
laser pulse is mainly responsible for the ionization of particles
in the ablated plume [41]. We obtain mean depth resolutions
of ~37 and ~30 nm for the Cr and Ni layers, respectively,
which is better than that of a state-of-the-art LA-ICP-MS
instrument of the same sample [42].

2D Analysis—Since many planetary samples are highly
heterogeneous on small spatial scales, it is necessary to

perform the measurements of the chemical composition on
small spots that are commensurate with the typical grain size
of the object. We compile two-dimensional composition
maps of the sample surface by an array of closely-spaced
ablation spots on the surface. We have completed such
investigations on a piece of the Allende meteorite, a
carbonaceous chondrite, where good agreement with other
determinations of the chemical and mineralogical
composition was achieved [19].

For the 2D analysis of sample surfaces we developed a
dedicated analysis method [43] and applied it for our investi-
gations of fossils in geological samples. Figure 10 shows
element maps for 'H and '2C of the Gunflint sample, fossils
of microbial life of almost 2 billion years ago; maps for many
other elements are available [14, 15]. The different areas of
the host mineral and the microbial fossils can be clearly
identified from their chemical composition.

3D Analysis—The top surface of planetary material (soil,
regolith, rocks, ...), the visible surface, is most often severely
affected by weathering processes, e.g., solar wind, impact
cratering, fluids, tectonics, volcanic activity, biological
activity. These weathering processes affect the chemical
composition and mineralogical appearance of the surface.
Therefore, it is necessary to measure the unaltered material
below the weathered surface. The weathering of the surface
is a problem for remote sensing investigations using
ultraviolet, visible, and infrared spectroscopy, which receive
their information only from the uppermost surface, the
weathered surface, and not from the actual surface material
[44]. This is known as the “astronomers’ color problem” [45].
The Hayabusa mission of the Japanese Space Agency
brought about 1500 micrometer-sized grains from the
asteroid Itokawa to Earth. Their composition analysis clearly
showed that the true mineral identity of a grain was masked
by a weathering layer on its surface [46] and is therefore not
accessible to remote sensing instrumentation. Below the
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Fig. 10: Top panels: Intensity maps of the 'H and 2C.
Red areas correspond to the intense signal from the
microfossils and blue areas to the lower intensities from
the surrounding chert. Lower panels: optical images of
the whole sample (left), and detail of the investigated
area (right) [adapted from 15].
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weathered surface, the composition of these grains was
identical to those of thermally metamorphosed LL chondrites
[46]. Similar weathered surfaces have been observed
routinely in grains from the lunar regolith [48, 49]. On the
Mars Exploration Rovers (MER) there is a Rock Abrasion
Tool (RAT) to remove the weathered surface from rocks on
the Martian surface. LIMS, having a laser that can drill into
mineralogical samples close to 100 um, removes this
analytical problem without additional sample preparation
steps.

An example of our recent analysis in 3D is the study of SnAg
solder bumps for the semiconductor industry [23]. On the
solder bumps we measured quantitatively the composition of
the SnAg alloy, also in very good agreement with ICP-MS
studies, but with sub-um spatial resolution by our LIMS
instrument. We also demonstrated the Ag heterogeneity, an
undesired feature in solder bumps, and we measured the
amounts of chemical contaminations resulting from the
plating process, e.g. Cl, C, S, Ti, and their 3D distribution.
Figure 12, top row, shows the depth profiles for the two main
components Ag and Sn, and for the impurities O, S, and C.
As can be seen, the desired SnAg mixing ratio is only
achieved further inside the solder bump, after about 1 um
depth, but not at the surface. In addition, a significant amount
of impurities, originating from the electrochemical depo-
sition process, is present in the solder bumps, with their
abundance decreasing only slowly with depth. Elaboration of
matrix-matched RSC values for Sn and Ag using a certified
reference material (BCS-CRM No. 347, BAS Ltd., UK.)
allowed for a very accurate quantification of the metallic
phases of the alloy. The depth profile showed a severe
depletion of Ag on the surface, while the LIMS-based bulk
quantification of the Ag content in the alloy matrix is in
excellent agreement with results from the well-established
ICP-MS technique. From the 3D data presented in the five
lower panels of Fig. 12 we observe, in addition, the hetero-
geneous distribution of Ag in the solder bump with very
localized Ag clusters, as well as the heterogeneous
distribution of the impurities. These data show that the 3D
composition analysis at these microscopic scales adds
important composition information of these features (see Fig.
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Fig. 12: Signal intensity distribution of Sn, Ag, and the
most relevant organic contaminants C, O, and S within
the surface and early bulk region of the SnAg solder
bump analyzed by the 2D layer binning approach. Top
row: depth profiles (1D), bottom panels: 3D composi-
tion. Differences in the alloy homogeneity, SnAg, and the
spatial distribution of individual organic plating bath
constituents (C, O, S) are apparent. Data have been nor-
malized to the maximum signal intensity for this repre-
sentation [23].

12) and are of particular importance to obtain a deepened
understanding of the additive-assisted SnAg plating process,
which to date is still a topic of research, and to which our
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LIMS measurements provided unique contributions to
address this knowledge gap [23].

Determination of Mineralogy

From the element composition of an investigated location on
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Fig. 13: Detail of the U.S. Air Force 1951 resolution test
target recorded with the microscope system (left panel:
real contrast; right panel: corrected contrast). The
smallest line grid has a spacing of 2.19 pm and can be
clearly resolved.

the sample, we derive the local mineralogy. We have done
that successfully for the Allende meteorite [20], for terrestrial
geological standards [50], and for the lunar meteorite Sayl al
Uhamir 169, a rock from the Imbrium impact basin on the
Moon [51], which allowed for the separate analysis of the
mineral phases.

We derived the mineralogy for Sayl al Uhamir 169, where we
studied the impact-melted breccia (KREEP rich lithology),
the regolith breccia, and in particular zircon inclusions [19].
In a large zircon inclusion we measured the abundance of rare
earth elements from which the U-Pb age of the sample was
determined as (3520+130)-10° years. Moreover, from the Ti
content in the zircon we derived the -crystallization
temperature of 1180+100 K [19].

An example of the derived mineralogy is shown in Fig. 11 for
mineralogical inclusions embedded in amygdale calcium
carbonate [30]. Here we present the abundances in a
microscopic inclusion for key elements for chlorite and
feldspar groups in a ternary plot, which typically is used to
identify the mineralogical context in the analyzed sample
with the minimum number of chemical species necessary to
describe the composition.

4. MICROSCOPE PERFORMANCE

We combined our LIMS instrument with a microscope
imaging system [9], which is shown in Fig. 1. The micro-
scope images allow to precisely target locations of interest on
the sample, as well as to record complementary information
of the sample surface. The usefulness of such a combination
was suggested already some time ago [1], and we proposed
the combination of LIMS and a microscope as the CAMAM

experiment already in an earlier proposal for in situ
investigation of an asteroid [10].

Prior to the LIMS measurements, the sample surface is
inspected by the in situ microscope-camera system to identify
the measurement locations and to ensure overlapping of the
laser spot with the defined areas of interest on the sample [9].
The overlap of the laser spot with the features on the sample
surface can be made with approximately 2 um accuracy. The
optical resolution of the microscope is about 2 um,
commensurate with the needs for imaging mineralogical
samples, which is shown in Fig. 13.

The sample can be moved with an x-y-z translation stage with
respect to the laser beam focus (and entrance of the mass
spectrometer). The movements in x- and y-direction are
necessary for the 2D scans of the sample surface by LIMS.
The movement in z-direction is to place the sample surface in
the focus location of the laser beam, and of the microscope.
The movement in z-direction can also be used to establish 3D
images of the sample surface by the microscope from a
sequence of images at difference distances to the sample,
since the depth-of-field of the microscope is very small.
Because the surface of a natural untreated sample is likely not
flat on micrometer scales, the 3D image is helpful in adapting
to the actual topography of the sample surface. A 3D
microscope image compiled from such a sequence of images
is shown in Fig. 14 for an untreated sample of the Mid-
Atlantic Ridge (as discussed above, and in [17]) where a cliff
of about 100 pm height is imaged. Also craters from the
LIMS analysis are visible on the upper edge of the cliff.
Using the microscope, the successful placement of such an
ablation spot onto an interesting microscopic feature can be
verified, for example on a possible fossil.

5. FLIGHT INSTRUMENT DESIGN
LIMS Crater
M" B

Fig. 14: Left: 3D image of a Mid-Atlantic Ridge sample
[17] with a cliff of 100 pm height where locations of
LIMS ablation craters are indicated. Right: Top view of
sample with a potential fossil, before and after our LIMS
analysis.
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For the proposed MarcoPolo mission of ESA we developed
the design of a combined instrument, the CAMAM
instrument (see Fig. 16), comprising a LIMS system and a
microscope-camera system (MCS), for in situ investigation
of planetary materials [11]. CAMAM is based on our LIMS
instrument and the microscope discussed above, it weighs
about 4.8 kg and operates at a power of 11.8 W. The
performance and capability to conduct morphological,
mineralogical and chemical investigations of rock or
regolith/soil samples were demonstrated on prototypes.
Optical analysis leads to visualization of the morphology of
sample surfaces and provides clues as to the mineralogical
composition. With the help of MCS, the chemical
composition of the sample surface at several well-defined
locations could be investigated by LIMS. The element and
isotope composition will be derived from the mass
spectrometric analysis to constrain mineralogical context by
means of major element composition. Additionally, trace
elements with concentrations below the ppm abundance level
will be measured. Also, isotope abundances can be measured
with accuracies at the per mil level for all major elements. In
addition to addressing scientific questions relating to
isotopes, the isotope abundances will be helping to resolve
isobaric interference arising from polyatomic compounds.
The accuracy of the isotope ratio measurements is
sufficiently high to investigate isotope fractionation of a
number of elements. This is of importance in the
investigation of formation processes and determination of the
conditions at which materials were formed.

The major challenge for the flight implementation of
CAMAM and any other LIMS system is the laser system
itself. One possibility are micro-chip lasers from e.g., the
company Bright Solutions Srl. (Cura Carpignano, Italy),
which provide passively Q-switched Nd:YAG lasers that are
commercially available, even for space flight. The micro-
chip lasers output ns laser pulses at the fundamental
wavelength of 1064 nm, or upconverted to shorter wave-
lengths (higher harmonics: 532 nm, 355 nm, or 266 nm) with
pulse energies of uJ to tens of uJ (e.g., model SB1-532-40-
0.1, providing pulse energies at the level of 40 uJ at a
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Fig. 15: Depending on the task, instrumentation may be
operated in different environments that include
instruments operated in the habitat, in a predefined
area, on a mobile platform, and directly in situ by the
Astronaut via handheld tools. Image adapted and from
NASA.
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Fig. 16: Left: Schematic diagram of the CAMAM instru-
ment suite [10]. LIMS and MCS are aligned to allow for
complementary measurements of the same sampling
point. A sample is delivered to the sampling point by a
sample introduction system; here, a particle trap mecha-
nism is shown. The electronic systems are located in the
electronics box. Right: CAMAM instrument suite with
its protective cover.

repetition rate of 100 Hz and wavelength of 532 nm). A
micro-chip laser system was already used in the first LIMS
system we built for space research [2, 3].

However, we know that fs lasers provide superior
quantitative results (improved stoichiometry, cleaner
material ablation, increased ionization efficiency). To be
compatible with the demands of space flight only an all-fiber
realization of the fs laser is feasible. All-fiber means that the
laser beam is guided always inside optical fibers and there are
no free-space sections of laser propagation. This has the
advantage that there is no need of optical realignment and
thus an all-fiber laser is inherently more robust and needs
much less technical maintenance compared to bulk systems.
All-fiber fs laser systems are commercially available for the
laboratory, e.g., model Satsuma from the European company
Amplitude, France, and flight designs can be derived from
these.

In the framework of the Artemis mission of NASA we
consider our LIMS system as a valuable instrument that may
support the Astronauts in their field work, in what manner
depends on the environments they could be deployed
throughout the mission. Different major application
environments were identified for employing our LIMS
instrument, including 1) habitat-based instrumentation, ii)
instrumentation that operates remote, in a predefined, yet
interesting lunar area, iii) applied on a mobile platform (e.g.
the rover of the astronauts), and iv) as a handheld instrument.
These application environments are illustrated in Fig. 15 and
are briefly discussed below.

Heavier and potentially much more complex instrumentation
can be deployed by the two Astronauts inside the lunar
habitat since the possibilities for instrument manipulation by
the operators without the spacesuits is comparable to a
terrestrial laboratory situation. Moreover, in the habitat
environment, more resources such as power and space will
likely be available. On a mobile platform these resources are
more limited and more compact instrumentation are required.
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But the mobile platform can be brought to an interesting lunar
area, which allows the astronauts to e.g., utilize the instru-
mentation more efficiently with local materials to be
analyzed immediately at the field location, instead of
bringing everything back to the laboratory in the habitat.
Comparable is the pre-defined lunar area where an astronaut
can install the instrument. The astronaut can utilize the
instrument, if required, with one or more samples and the
instrument is conducting the sample analysis autonomously,
perhaps overnight. The most challenging setting is definitely
the case of a handheld instrument. In such a scenario the
instrument needs to be highly portable (light weight design),
using low power, and very simple in operation. Simple
Yes/No answers to questions like “Is lead at concentration X
present” maybe provided by the instrument.

The presented LIMS system can be deployed in all the four
scenarios. It provides with every laser shot applied to the
target of interest the chemical composition (elements and
isotopes). Nevertheless, and depending on the scenario where
the LIMS system will be deployed, the instrument needs to
be adapted to the specific case. The handheld case is also
challenging from mechanical and also operation perspective.
The measurement by a LIMS system is very fast, because
single laser shot onto the sample already gives a mass
spectrum with about 3 decades of dynamic range. Thus, the
astronaut just needs to point the handheld LIMS system onto
the sample to get an immediate answer on the chemical
composition of the investigated location. Currently a study is
ongoing for LIMS application in the different scenarios and
provide a more profound discussion in which scenario the
LIMS system can provide the best technical and scientific
return [52]. Moreover, the environment will define which
laser system to be integrated to the mass analyzer that is the
most suitable for the task.

6. CONCLUSIONS

We described our work on laser-based mass spectrometry, in
particular our LIMS instrument prototype designed for in situ
planetary research. This instrument is complemented by a
powerful microscope system for complementary information
of the sample under investigation. The combination of these
two units will allow to address many questions ranging from
pure science, applied science, context information, all the
way to In Situ Resource Utilization (ISRU) on the lunar
surface. The instrument will provide element and isotope
abundance information, basic data for many questions to be
asked of the available material at the habitat. From these data
the mineralogy of the material can be derived, which might
be important in the search for building material for larger
structures. Moreover, analysis of molecules present on the
surface is possible if used in laser desorption mode, which
might be important for the search of consumables (e.g.
water).
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