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Rationale: The investigation of cryogenic planetary environments as potential

harbors for extant life and/or contemporary sites of organic synthesis represents an

emerging focal point in planetary exploration. Next generation instruments need to

be capable of unambiguously determining elemental and/or molecular stoichiometry

via highly accurate mass measurements and the separation of isobaric interferences.

Methods: An Orbitrap™ analyzer adapted for spaceflight (referred to as the

CosmOrbitrap), coupled with a commercial pulsed UV laser source (266 nm), was used

to successfully characterize a variety of planetary analog samples via ultrahigh

resolution laser desorption/ablation mass spectrometry. The materials analyzed in this

study include: jarosite (a hydrous sulfate detected on Mars); magnesium sulfate

(a potential component of the subsurface ocean on Europa); uracil (a nucleobase of

RNA); and a variety of amino acids.

Results: The instrument configuration tested here enables: measurement of major

elements and organic molecules with ultrahigh mass resolution (m/Δm≥120,000,

FWHM); quantification of isotopic abundances with <1.0% (2σ) precision; and

identification of highly accurate masses within 3.2 ppm of absolute values. The

analysis of a residue of a dilute solution of amino acids demonstrates the capacity

to detect twelve amino acids in positive ion mode at concentrations as low as

≤1pmol/mm2 while maintaining mass resolution and accuracy requirements.

Conclusions: The CosmOrbitrap mass analyzer is highly sensitive and delivers mass

resolution/accuracy unmatched by any instrument sent into orbit or launched into

deep space. This prototype instrument, which maps to a spaceflight implementation,

represents a mission‐enabling technology capable of advancing planetary exploration

for decades to come.

1 | INTRODUCTION

1.1 | Organics in cryogenic environments

Understanding the origin, distribution, and processing history of

organic compounds in cryogenic planetary environments is one of

the most compelling future directions in solar system research. Such

organics are structurally and functionally diverse, despite their low

temperature origins, and are thus thought to constitute an enabling

prebiotic inventory for the synthesis of more complex macromolecular

organics, and ultimately the potential emergence of life. Top priority

planetary science goals for the coming decades will require detailed

in situ studies of surface and subsurface composition to

unambiguously identify elemental and molecular constituents of

complex, multicomponent mixtures of organics preserved within icy

geological matrices. These planned investigations will further our
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understanding of primordial sources of prebiotic organic compounds,

viable sites of progressive organic polymerization, and specific abiotic

versus biotic pathways that enable the construction of functional/

active macromolecular networks.

Recent missions to asteroids (e.g., Dawn1,2), comets

(e.g., Rosetta3,4), and various ocean worlds in the Jovian system

(e.g., Galileo5,6) and Saturnian system (e.g., Cassini‐Huygens7,8), have

indicated that these solar system bodies may serve as prospective

refuges for primordial organic matter and/or sites of organic synthesis

due to: i) the availability of carbon‐rich starting materials, including

prebiotic organic compounds in many environments; ii) water ice and

putative physicochemical interfaces between aqueous reservoirs and

silicate systems; and, iii) active sources of energy, such as

hydrothermal activity, ultraviolet radiation, electrical discharges,

cryovolcanism, and/or impacts. The plausibility of these sites as

potential harbors for extinct and/or extant life signatures has been

supported by both spaceborne and laboratory investigations.

The in situ detection of hydrated minerals, surface morphologies

indicative of volatile outgassing, and local exposures of organic

materials on the asteroids Vesta9-12 and Ceres1,2,13-15 coupled with

laboratory analyses of nucleobases16-20 and non‐racemic amino

acids21-23 found in chondritic meteorites, point to asteroids as

prospective shelters for prebiotic and macromolecular organic

compounds. Samples of comet 81P/Wild 2 returned to Earth via the

Stardust mission, and in situ analysis of the coma of comet

67P/Churyumov‐Gerasimenko, suggest that amino acids of

extraterrestrial origin may also be prevalent on cometary bodies.24,25

Measurements of theTitan atmosphere enabled by the Voyager 1 flyby,

Cassini orbiter, and Huygens probe indicate a substantial inventory of

organic molecules, including a host of complex hydrocarbons, nitriles,

and solid organic aerosols.8,26-29 Finally, plumes observed jetting from

Europa and Enceladus point to subsurface liquid water reservoirs that

contain simple hydrocarbons (up to C5) and complex macromolecular

organic materials (molecular masses up to >200Da), as well as nitrogen

and chemical sources of energy.30-34

Organic matter detected on these planetary bodies may have

been derived from one or more of the following mechanisms: the infall

of carbon‐rich small bodies; abiotic processes such as Fisher‐Tropsch

reactions or Strecker synthesis; Titan‐like photochemical haze

incorporation; or geological activity, such as water–rock interactions,

thermogenesis, and/or biogeochemistry. Consequently, our

understanding of the origin of such organics, including endogenous

versus exogenous sourcing and biotic versus abiotic processing,

remains incomplete. Fortunately, cryogenic systems represent ideal

preservational environments for ancient and/or contemporary

macromolecular organics, biominerals, and morphological structures

indicative of progressive molecular polymerization and the potential

emergence of microbial life. Ocean worlds have thus been identified

by NASA35,36 the Outer Planetary Assessment Group,37 and the US

House Appropriations Committee38 as high priority targets for

near‐term exploration.

In order to improve our understanding of potentially habitable

cryogenic environments, which may serve as sites of progressive

organic synthesis and/or sanctuaries for biosignatures reflecting

microbial activity (should life ultimately emerge), future missions need

to enable comprehensive, in situ compositional analysis of surface,

subsurface, and plume‐derived materials from the various planetary

bodies described above. Critical investigations needed in the coming

decade include: the search for and unambiguous identification of

amino acids, nucleobases, and other prebiotic organic molecules;

accurate determinations of elemental and molecular abundance

patterns; precise isotopic measurements of C, N, and other elements

essential to life; and, (semi) quantitative mineralogy for geological

context, including the detection of potential biominerals.

1.2 | Mass spectrometry and isobaric interferences

In laboratory settings, mass spectrometry techniques are routinely

applied to assay the organic content of solid, liquid, and gaseous

sample materials, particularly in the realms of: proteomics;

pharmaceutical medicine; forensic science; structural biology; energy

and biofuels; environmental studies; and, astrobiology. However, the

unambiguous identification of complex organic molecules requires

the differentiation of competing isobaric species characterized by

the same nominal mass‐to‐charge ratio (or m/z). In order to isolate

potential isobars, thereby allowing for the detection and quantitation

of targeted organic signals, commercial instruments offer a number

of advanced capabilities and/or hardware upgrades.

Many systems are equipped with a gas or liquid chromatograph

that can physically separate the different components of a mixture

by passing the analyte through a stationary phase prior to introduction

into the mass analyzer. Mass spectrometers that support tandem mass

spectrometry, or MS/MS, rely on multiple analytical steps (and

sometimes the combination of two analyzers in a single system) to

selectively ionize a targeted compound, isolate precursor ions,

decompose those ions via interactions with incident photons or gas,

and finally analyze the product ions via traditional mass‐selective

detection. Laser‐based resonance ionization mass spectrometers, such

as those under development for planetary geochronology

investigations,39 can selectively ionize specific elements, but require

multiple laser systems with highly stable wavelength emissions. Other

sensors enable the discrimination of isobaric interferences through

high mass resolving powers, defined as the instrument's capacity to

distinguish two adjacent mass peaks with only slightly different exact

masses (Δm) but equal intensities; the mass resolving power of an

instrument is commonly annotated as m/Δm at a stated peak height

(e.g., FWHM, or Full Width Half Maximum).

Of these options, high mass resolution is the only capability that

can distinguish competing isobaric interferences without depending

on additional subsystems (e.g., a gas or liquid chromatograph, or

multiple mass analyzers or lasers) and/or multiple stages of analysis.

However, the mass resolving power required for any specific

application needs to be considered. For example, the volatile gases

CO and N2 share a common nominal mass of 28Da but their exact

monoisotopic masses are separated by 11 mDa (or 400 ppm), thus

requiring a mass resolving power of m/Δm≥ 2500 (FWHM) to

quantitatively isolate these mass peaks.

The differentiation of overlapping organic signals can be even

more challenging, especially at higher masses, due to a greater number

of possible permutations of the life essential elements CHNOPS and
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isotopologues. For example, leucine (C6H13NO2, an α‐amino acid used

in the biosynthesis of proteins), hydroxyproline (C5H9NO3,

hydroxylation product of the α‐amino acid proline), and creatine

(C4H9N3O2, a nitrogenous organic acid synthesized from α‐amino acids

glycine and arginine) all share a common nominal mass (131Da),

requiring a mass resolving power ofm/Δm > 11,000 to distinguish each

compound. At even higher molecular weights, the METLIN metabolite

mass spectral database40 may be used to elucidate common isobaric

interferences. For instance, the database has cataloged 19 competing

isobars (not including alkali metal adducts or structural isomers) within

20 ppm of mass 245.08Da, coinciding with the mass of protonated

uridine (a ribonucleoside) and requiring m/Δm > 100,000 to

discriminate all compounds. Distinguishing inorganic species, including

atomic and molecular signals, requires ultrahigh mass resolution in

many cases, too; mass resolving powers of m/Δm > 65,000 and

m/Δm > 74,000 are required to distinguish moderately volatile 70Zn

(0.6% isotopic abundance) from 70Ge (20.4%), and more refractory
54Cr (2.4%) from 54Fe (5.8%), respectively.

1.3 | In situ mass spectrometry for planetary
exploration

Since the Pioneer Venus Program in the mid‐1970s, quadrupole mass

spectrometers have served as our primary means to explore the

compositions of objects from the inner and outer reaches of the solar

system, including Venus, the Moon (LADEE), Mars (MSL and MAVEN),

the Jovian system (Galileo), and the Saturnian system

(Cassini‐Huygens). Although they are sensitive and quantitative

instruments, standard quadrupole mass spectrometry (QMS) sensors

detect organic compounds with only limited mass resolution (typically

m/Δm < 500, FWHM41-47). Consequently, QMS peak assignments are

often tentative, as a single peak may comprise a multitude of organic

and/or inorganic isobaric components that contribute to the signal

to varying degrees (Figure 1).

In contrast to heritage QMS systems, next generation sensors that

offer higher mass resolving powers (i.e., m/Δm > 103, FWHM) may

enable the unambiguous identification of molecular stoichiometry via

exact mass determinations with limited mass deviations. The

development of the ROSINA investigation49 onboard Rosetta, and

the MASPEX instrument50 on the upcoming Europa Clipper/Multiple

Flyby Mission, highlight the recent transition in planetary science

towards spectrometers that offer higher mass resolving powers.

However, the Orbitrap™ mass analyzer originally developed by

Thermo Fisher Scientific (Bremen, Germany) for commercial

applications,51-53 and later adapted for spaceflight by a consortium

of French laboratories and termed CosmOrbitrap,54 may hold the most

promise for future astrobiology applications due to its unparalleled

mass resolution (up to m/Δm > 106, FWHM55) and highly accurate

mass measurements down to sub‐ppm levels.56 The scientific insights

realized by Orbitrap‐based mass spectrometers have been

demonstrated through numerous laboratory studies using commercial

instrumentation to characterize planetary materials, including

cometary specimens,57 primitive meteorites,17,58 and Titan analog

samples.59-63 Thus, advanced sensor technologies, such as the

Orbitrap mass analyzer, represent the future of planetary exploration,

most especially in the realm of biosignature detection/identification.

2 | EXPERIMENTAL

2.1 | Laser‐enabled mass spectrometry

Regardless of the planetary environment, laser‐enabled in situ

methods of chemical analysis offer an ideal way to characterize

precious sample specimens with high spatial resolution and specificity

and without requiring contact with the sample (thereby reducing the

risk of contamination). Laser desorption and ablation microprocessing

techniques also support: i) reproducible (high‐precision) and robust

(well‐characterized) detection of organic and inorganic molecules over

a wide range in mass, volatility, and ionization energy; ii) focused

measurements of micron‐size targets, such as individual mineral phases,

ice grains, and/or discrete geological strata captured by a sample core;

and iii) minimal analytical blanks, resulting in low limits of detection

(LODs) and limits of quantitation (LOQs).64-66 Laser sampling is

particularly well suited for planetary exploration, as such techniques

consume orders‐of‐magnitude smaller quantities of sample (i.e., ng)

comparedwith traditional pyrolysis techniques (i.e., mg), including those

executed by the Viking,67 Phoenix,68 and MSL43 missions.

FIGURE 1 Like most quadrupole mass
spectrometers, the Cassini Ion Neutral Mass
Spectrometer only provides unit mass
resolution (m/Δm < 500, FWHM), leading to
uncertain peak assignments. The labels above
selected mass stations identify potential
isobaric interferences that may be captured
underneath each peak; blue species represent
hydrocarbons, red species represent nitrogen‐
bearing compounds, dark green species
represent oxides, purples species represent
noble gases, and orange species represent
complex organics. Spectrum from the Cassini
inbound T30 flyby in Titan's ionosphere
(between 960 and 980 km) modified from Cui
et al48 [Color figure can be viewed at
wileyonlinelibrary.com]
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Laser desorption and ablation mass spectrometry has a long and

successful history of use in the elemental and molecular analysis of

solid samples in laboratory studies. High peak fluences (>10 J/cm2)

achieved by modern day pulsed laser systems permit even the most

refractory mineral phases to be sampled (or ablated), while lower

fluences (<1 J/cm2) can, in many cases, liberate (or desorb) and ionize

fragile organic compounds without inducing excessive molecular

fragmentation. Solid‐state laser systems that generate nanosecond

(10−9 s, or ns) pulses have served as benchmarks for laser

microprocessing69-73 due to their small and economical mechanical

footprints, and their ability to reliably generate tens of millions of pulses

at high energies without a compromise in beam quality. Although ns

pulse widths incur thermal ablation processes, resulting in elemental

and/or molecular fractionation due to sample melting/vaporization/

recondensation,66,74-77 limited variations in shot‐to‐shot laser energy

and efficient coupling of the incident radiation with the target (via

wavelength specificity) enable (semi)quantitative constraints on sample

composition via matrix‐matched calibration.64,78,79

A wide range of non‐volatile organic compounds (including

macromolecular complexes) and most geological materials (silicates,

oxides, etc.) offer high absorption efficiencies at the ultraviolet

wavelengths generated by frequency‐multiplied Nd:YAG laser

systems, particularly 266 nm (4.7 eV/photon) and/or 213 nm

(5.8 eV/photon). Although Nd:YAG systems are able to generate

higher energy beams at a native wavelength of 1064 nm, infrared

radiation is poorly absorbed by many minerals, particularly transparent

and/or amorphous phases, and lower photon energies (1.2 eV/photon

at 1064 nm) limit bond‐breaking potential and ionization efficiency.

The first laser‐based mass spectrometer launched into space was

the LAZMA instrument,80 designed to analyze samples of regolith

collected from the Phobos surface; however, the Phobos‐Grunt

mission failed to escape low Earth orbit due to an unfortunate thruster

malfunction. As a result, the Mars Organic Molecule Analyzer (MOMA)

investigation onboard the ExoMars rover will pioneer the first laser

desorption mass spectrometer on another planet (assuming successful

deployment), including a miniaturized solid‐state Nd:YAG laser

operating at the fourth harmonic (266 nm), in the search for

biosignatures and the characterization of habitability potential in the

Martian subsurface.81-83 Future laser‐based mass spectrometers

currently under development herald other advanced capabilities, such

as highly specific organic ionization/detection,84 controlled molecular

fragmentation,85 and quantitative trace element measurements.86

2.2 | Analytical methods

In this study, we tested the analytical performance of an Orbitrap

mass analyzer that has been adapted for in situ planetary exploration

through the miniaturization and ruggedization of the supporting

mechanical structure, and the implementation of custom electronics

that map to heritage electrical systems qualified by previous flight pro-

jects.54 This instrument, referred to as the CosmOrbitrap prototype,

was interfaced to a Brilliant Q‐switched Nd:YAG laser source from

Quantel (Les Ulis, France) operating at the fourth harmonic (266 nm

wavelength, 6 ns pulse width) and a low‐pressure sample stage

maintained at 10−7 mbar or below (Figure 2), thereby reproducing

the vacuum expected on the surfaces of many ocean worlds, including

Europa,87 Enceladus,88 and Ganymede.89 This integrated platform

serves to demonstrate mission‐enabling instrument concepts that

center on Orbitrap‐based mass analyzers and/or ultraviolet laser

systems, particularly those that target cryogenic and/or other low‐

pressure planetary environments that may harbor extinct or extant life

signatures. Specifically, this highly capable and versatile in situ

instrument delivers:

• Noninvasive, spatially resolved (<100 micron scale) chemical

mapping of ice residues and geological/mineralogical materials

(including crushed powders and solid cores) via pulsed laser

desorption/ablation processing at UV wavelengths;

• (Semi)Quantitative measurements of inorganic elemental

composition and trace levels (LOD≤ pmol/mm2) of organic

compounds, including potential biosignatures up to >500Da;

• Disambiguation/differentiation of atomic and molecular

isobaric interferences via ultrahigh mass resolving powers

(m/Δm > 100,000, FWHM) and mass accuracy (< 5 ppm); and

• High‐precision (< 1%, 2σ) determinations of isotopic abundances.

FIGURE 2 Schematic diagram of the
CosmOrbitrap prototype instrument (including
the analyzer, preamplifier, HV pulser, and
digital signal processing system) and planetary
simulation chamber maintained in Orléans,
France. For more details on this laboratory
setup, see Briois et al54 [Color figure can be
viewed at wileyonlinelibrary.com]
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In order to test the capabilities of the CosmOrbitrap instrument to

detect/identify prebiotic organics and derive information regarding

the habitability potential of cryogenic planetary environments, we

analyzed a suite of Mars and Europa analog samples, including:

i. synthetically derived jarosite (KFe(III)3(SO4)2(OH)6), a hydrous

iron sulfate mineral discovered on the surface of Mars90 and

suggestive of wet and/or acidic conditions;91-93

ii. pure uracil (C4H4N2O2), one of the four nucleobases in the

nucleic acid of RNA;

iii. magnesium sulfate (MgSO4) salt, which has been detected on the

surface of Europa94 and may represent an ocean brine or

radiation product, doped with varying amounts of the α‐amino

acid valine (C5H11NO2); and

iv. a dilute mixture of 16 amino acids (10 μmol/L each) suspended in

a water solution, a sample even more depleted in non‐purgeable

organic carbon (NPOC) than subglacial ice from Lake Vostok,95

one of the most extreme and desolate of environments on Earth

and a type locality Europa analog site.96

The tested jarosite powder was generated synthetically from ferric

sulfate hydrate (Fe2(SO4)3; Item F0638) procured from Sigma‐Aldrich

(St Louis, MO, USA) and potassium hydroxide (KOH; Lot 066279)

from Fisher Scientific (Waltham, MA, USA), following the experimental

protocols developed by Driscoll and Leinz.97 The purity of the sample,

estimated at >99%, was verified via X‐ray diffraction (XRD) analysis

conducted at NASA Goddard Space Flight Center (Greenbelt, MD,

USA). The powdered uracil (≥99.0% purity; Sigma Item U0750) was

analyzed neat, without any further processing. For the MgSO4

mixtures, 97% pure MgSO4 salt (Sigma Item 434183) was physically

admixed with powdered valine (≥98.0% purity, Sigma Item V0500)

at 3.5wt.% and 0.35wt.% concentrations in a solution of deionized

H2O (18MΩ); the samples were sonicated to encourage homogenous

distribution and then air dried in a laminar flow hood. The amino acid

solution was derived by diluting a 10−3M amino acid solution

procured from Waters (Milford, MA, USA; Item WAT088122) by a

factor of 100 in deionized H2O. Thus, the final solution contained

10 μM of the following amino acids (by increasing molecular weight):

glycine; alanine; serine; proline; valine; threonine; leucine and

isoleucine; aspartic acid; lysine; glutamic acid; methionine; histidine;

phenylalanine; arginine; and cystine (an oxidized dimer of the α‐amino

acid cysteine).

Solid powders of the jarosite, uracil, and doped MgSO4 samples

were pressed with a clean stainless steel spatula onto sample stubs

composed of malleable indium, which provided an internal reference

to monitor/verify mass accuracy (via 113In and 115In peaks). The

thickness of each sample application was not tightly controlled

between 0.1 and 1.0mm, allowing for a qualitative investigation into

ideal depositional thickness (Figure 3). For the 10 μM amino acid

mixture, four drops (2.5 μL each) were pipetted onto an aluminum stub

over an area 10mm in diameter (or 80mm2) and allowed to dry in a

clean chemical fume hood.

Prior to the analysis of each sample, the targeted stub (with

sample applied) was installed into the sample chamber via an

injection airlock, resulting in a transitional spike in pressure in both

the sample and the analyzer chambers; once the analyzer chamber

had been pumped down to <5 × 10−9 mbar, the analyses were

allowed to proceed. The pulsed laser beam was focused to an

elliptical spot, approximately 40 μm (minor axis) by 80 μm (major

axis), in dimension due to a 50° incident angle, on the sample

surface by way of two alignment mirrors, a plano‐convex lens with

a focal distance of 30 cm, and an MgF2 window into the sample

chamber. The beam size was verified by image analysis of

one‐ and ten‐shot laser pits etched onto burn paper. The laser

energy was manually ramped, from <50 μJ up to >500 μJ (via

increments of 10–20 μJ) until the desorption/ablation threshold of

the most easily ionized component in the sample was reached, as

indicated by one or more mass peaks higher than background noise.

Once the desorption/ablation threshold was identified, the laser

output energy was more finely controlled, and periodically increased

in order to try to amplify the signal and/or ionize other components

within the sample matrix. Typical shot‐to‐shot reproducibility at a

constant laser setting was observed to be on the order of 5–10%

(2σ). The energy deposited on the target was monitored by a

PE9‐SH power meter (Ophir, Jerusalem, Israel).

Ions generated by the incident laser radiation were directed

towards the CosmOrbitrap analyzer via a series of electrostatic lenses

that served to both focus/collimate the ion beam and limit gas

FIGURE 3 PowderofMgSO4dopedwith0.35wt.%valinebefore (left) and after (right) laser ablationmicroprocessing andchemical analysiswith the
CosmOrbitrapmass analyzer. The thickness of the sample substrate was not tightly controlled [Color figure can be viewed at wileyonlinelibrary.com]
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conductance between the sample and analyzer chambers. Ion

velocities were manipulated by high‐voltage potentials applied to

these lenses, but primarily controlled by a bias applied to the sample

stub. A camera (640 × 480 pixel resolution CCD) with a telescopic lens

external to the vacuum chamber provided active imaging of the

sample surface prior to and during analysis, enabling validation of

the alignment between the focal point of the laser beam (i.e., the

ablation site) and the axis of the ion optical lens stack through an

optical viewport.

The potential of the CosmOrbitrap center electrode was controlled

by a power supply and high‐voltage pulser that together deliver the

characteristic voltage ramp needed for capture and electrodynamic

squeezing of the incoming ion packet; a voltage stability of better than

100 ppm is required to maximize the mass resolving power. The

current induced by the ions as they entered into orbit and continued

to oscillate along the center electrode was amplified by a preamplifier

board acquired from Thermo Fisher Scientific. Subsequent signal

processing, including Hanning apodization and Fast Fourier Transform

(FFT), was performed by a customized data acquisition system

developed by the Alyxan Company (Orsay, France).

The space charge capacity of the CosmOrbitrap, controlled

primarily by the size and spacing of the surface‐matching shapes of

the central and outer electrodes, can accommodate up to 106

elementary charges,98 which can be produced by a single laser shot

above the desorption/ablation threshold of the sample substrate.

The intrascan dynamic range of the analyzer has been experimentally

shown to exceed 104, given electronic noise limitations.99 However,

by customizing the mass range (e.g., increasing the low mass cutoff

to isolate inorganic peaks from higher mass organic signals) and

tuning the laser source (e.g., via wavelength selection and/or energy

attenuation control), the dynamic range of the instrument can be

expanded by orders of magnitude between scans. In this study, we

attempted to load the analyzer with some 105 ions in order to:

demonstrate the capabilities of the instrument with margin for

improvement and protect the preamplifier from oversaturating at

the most intense peaks (typically 27Al or 115In from the sample

stubs).

3 | RESULTS AND DISCUSSION

3.1 | Synthetic jarosite

The ablation threshold of pure jarosite (KFe(III)3(SO4)2(OH)6) was

observed at between 90 and 100 μJ, equating to a fluence of

between 0.7 and 1.2 J/cm2 (taking into account uncertainty in the

laser spot size), and resulting in an effective transmission of the order

of 105 ions (targeted loading conditions) into the CosmOrbitrap

FIGURE 4 Mass spectrum (100ms
transient) of synthetic jarosite generated by a
100 μJ (approximately 1 J/cm2) UV laser pulse
(266 nm), resulting in the intended ion loading
conditions (i.e., 105 ions in the CosmOrbitrap
analyzer). Using 54Fe as an internal standard
for calibration, the mass accuracy of nearly all
peaks (with the notable exception of 16O) fall
within 2.9 ppm of true values

TABLE 1 Mass defects of peaks derived from jarosite and the In sample stub using single point and linear regression calibration techniques

Calibration technique

Measured defect relative to true mass (in ppm)
16O 32S 33S 34S 39K 41K 54Fe 56Fe 57Fe 113In 115In

115In (single point) ‐14 ‐5.3 ‐4.8 ‐4.6 ‐4.7 ‐4.3 ‐2.4 ‐3.6 ‐2.4 ‐0.2 0.0
113In (single point) ‐14 ‐5.1 ‐4.6 ‐4.5 ‐4.6 ‐4.1 ‐2.2 ‐3.4 ‐2.2 0.0 0.2
113In/115In (regression) ‐24 ‐15 ‐15 ‐15 ‐15 ‐14 ‐12 ‐14 ‐12 ‐10 ‐10
54Fe (single point) ‐12 ‐2.9 ‐2.4 ‐2.2 ‐2.3 ‐1.9 0.0 ‐1.2 0.0 2.2 2.4
56Fe (single point) ‐9.0 ‐1.7 ‐1.2 ‐1.1 ‐1.2 ‐0.7 1.2 0.0 1.2 3.4 3.6
57Fe (single point) ‐12 ‐2.9 ‐2.4 ‐2.2 ‐2.3 ‐1.9 0.0 ‐1.2 0.0 2.2 2.4
54Fe/56Fe/57Fe (regression) ‐6.9 2.1 2.6 2.7 2.6 3.1 5.0 3.8 4.9 7.2 7.4
34S (single point) ‐9.7 ‐0.6 ‐0.2 0.0 ‐0.1 0.3 2.2 1.1 2.2 4.5 4.6
33S (single point) ‐9.5 ‐0.5 0.0 0.2 0.1 0.5 2.4 1.2 2.4 4.6 4.8
32S (single point) ‐9.0 0.0 0.5 0.6 0.5 1.0 2.9 1.7 2.9 5.1 5.3
32S/33S/34S (regression) ‐20 ‐11 ‐10 ‐10 ‐10 ‐10 ‐8.1 ‐9.2 ‐8.1 ‐5.8 ‐5.7
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analyzer. Each laser shot resulted in a characteristic mass spectrum

dominated by peaks for 56Fe > 39K > 32S > 16O; 113In and 115In were

also observed, reflecting the composition of the sample stub

(Figure 4). Multiple calibration techniques were tested, including

single point and linear regression corrections (Table 1); however,

the highest accuracy data were derived when standardizing to either
54Fe or 57Fe (single point), resulting in typical mass deviations

<2.9 ppm from absolute values (from the Nuclear Data Center at

KAERI, Daejeon, South Korea).

The relative magnitudes of the peaks observed across the

spectra reflect a combination of the concentration of each element

in the sample, the abundances of the isotopes measured, the

ionization energy of each element, and potential fractionation

mechanisms at or near the ablation site. At a wavelength of

266 nm, the energy of the incident radiation (4.7 eV/photon) is

enough to ionize K (1st ionization energy, or Ei: 4.4 eV) with only a single

photon, but Fe (Ei: 7.9 eV), S (Ei: 10.4 eV), and O (Ei: 13.6 eV) all require

multiphoton absorption for ionization. Because the thickness of the

jarosite powder was not tightly controlled, the magnitudes of the 113In

and 115In peaks varied significantly, with the highest intensities

observed during the analysis of thinner applications of sample.

In order to quantify the isotopic abundances of the major

elements measured in the jarosite (as well as 113In and 115In from the

sample stub), abridged 100ms signal transients were collected,

resulting in a higher density of points outlining each mass peak, albeit

at the expense of mass resolving power (by a factor of approx. 6×).

The quantified abundances of the major and minor isotopes of In, Fe,

K, and S were highly reproducible, and insensitive to laser energy

(above the ablation threshold), with measured precision as low as

≤1.0% (2σ) without applying a fractionation correction (Table 2).

Isotopes with low natural abundances of ≤0.1% were difficult to

measure quantitatively (i.e., signal‐to‐noise ratio, SNR < 10) due to

Poisson counting statistics limited by the ion volume and instrascan

dynamic range of the analyzer. More specifically, ion loading with “only”

105 ions limits such low abundance isotopes to ≤100 ions in the

analyzer, defining uncertainties of ≥20% (2σ) due to random counting

errors alone, and sampling too few ions to be considered representative

of the bulk sample. Other than variation in the intensities of the In

peaks, the performance of the instrument, including mass resolution,

accuracy, sensitivity, and isotopic precision, was determined to be

insensitive (from a statistical perspective) to sample thicknesses

between 0.1 and 1mm.

TABLE 2 Isotopic abundances (uncorrected) measured from nine consecutive analyses of synthetic jarosite with increasing laser energy

Laser energy 115In 113In 57Fe 56Fe 54Fe 41K 39K 34S 33S 32S

94 μJ 95.1% 4.9% 2.2% 92.1% 5.7% 6.5% 93.5% 4.1% 0.9% 95.9%

100 μJ (A) 95.7% 4.3% 2.4% 91.5% 6.1% 8.0% 92.0% 5.0% bdl 95.0%

100 μJ (B) 95.7% 4.3% 2.8% 90.3% 7.0% 8.0% 92.0% 5.5% 0.9% 94.5%

103 μJ 95.1% 4.9% 2.0% 91.4% 6.6% 6.4% 93.6% 4.3% 0.7% 95.7%

113 μJ 95.1% 4.9% 2.7% 90.6% 6.6% 7.4% 92.6% 5.5% 0.9% 94.5%

116 μJ 96.0% 4.0% 2.9% 90.0% 7.2% 8.5% 91.5% 5.6% 1.0% 94.4%

118 μJ 95.6% 4.4% 2.8% 90.3% 6.9% 8.0% 92.0% 5.0% 0.9% 95.0%

192 μJ 95.6% 4.4% 2.6% 90.6% 6.8% 7.7% 92.3% 5.8% 1.0% 94.2%

195 μJ 96.1% 3.9% 2.6% 90.0% 7.4% 8.3% 91.7% 5.5% 0.9% 94.5%

EXPECTED* 95.7% 4.3% 2.1% 92.0% 5.9% 6.7% 93.3% 4.3% 0.8% 95.8%

Avg Signal 95.6% 4.4% 2.5% 90.9% 6.6% 7.7% 92.3% 5.1% 0.9% 94.9%

2s 0.7% 0.7% 0.6% 1.6% 1.1% 1.5% 1.5% 1.2% 0.2% 1.2%

2sm 0.1% 0.1% 0.1% 0.2% 0.1% 0.2% 0.2% 0.1% 0.0% 0.1%

Deviation ‐0.2% 0.2% 0.4% ‐1.2% 0.7% 0.9% ‐0.9% 0.9% 0.1% ‐0.9%

*Expected compositions reflect representative terrestrial abundances per the Commission on Isotopic Abundances and Atomic Weights (CIAAW)

Note: 58Fe, 40K, and 36S were not measured quantitatively (see main text for discussion)

bdl: below detection limit (i.e., SNR <3)

FIGURE 5 Mass spectrum of pure uracil
powder collected at the ablation threshold of
the material (51 μJ, or ~0.5 J/cm2). The
protonated molecule (C4H4N2O2

+ at m/z 113;
m/Δm = 130,000, FWHM) and C3H3NO+

fragment ion (at m/z 69; m/Δm = 140,000,
FWHM), which are both measured with ppm‐
level mass accuracy, together provide a
characteristic signature of the nucleobase.
Note, the protonated molecule has the same
nominal mass as 113In, but is easily
distinguished at such a high mass resolving
power
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3.2 | Pure uracil

Similar to the jarosite sample, the pure uracil powder (C4H4N2O2)

was pressed onto an indium sample stub, enabling 113In and 115In

to act as reference points to quantitatively gauge mass accuracy,

and/or serve as internal standards for calibration. The uracil analyte

was found to desorb at laser energies as low as <50 μJ

(approximately <0.5 J/cm2) with the fragment ion C3H3NO+

(representing the loss of HNCO) at nominal mass 69 being the first

peak to rise above the background, somewhat counterintuitively.

Higher energies served to increase the signal of the ion from the

protonated precursor at nominal mass 113 (C4H4N2O2
+;

monoisotopic mass: 113.0346Da), which is easily distinguished from
113In (exact mass: 112.9041Da) due to the >1100 ppm difference in

absolute mass (Figure 5), as well as the C3H3NO+ fragment ion. All

the peaks observed in the mass spectra were defined by a mass

resolution of m/Δm≥ 130,000 (FWHM), and the protonated

molecule was measured to within 0.1 ppm accuracy of the true

mass without requiring an internal standard.

3.3 | MgSO4 doped with valine

The MgSO4 sample doped with 3.5wt.% valine (not shown), which

was also applied to an indium stub, was found to ablate at laser

energies between 130 and 150 μJ (or 1.1–1.7 J/cm2). However, at

these laser energies the only inorganic peaks derived from the

sample that were measured above the noise floor belonged to Mg

and S (negligible O was detected above background), and the only

organic peak detected was the C4H10N
+ fragment ion of valine at

nominal mass 72, corresponding to the primary product expected

from electron ionization of valine (per the NIST Chemistry

WebBook).

Although the matrix of the MgSO4 sample doped with 0.35wt.%

valine was also observed to ablate at laser energies around 150 μJ

(~1.5 J/cm2), the valine fragment ion C4H10N
+ required an energy

≥250 μJ (≥2.5 J/cm2) to rise above the background. Even higher

laser energies, closer to 400 μJ (4.0 J/cm2), were needed to achieve

the ion loading conditions targeted in this study (105 ions), probably

due to an expanded plasma plume with higher electron density at

the sample surface, and by extension increased ionization efficiency

at higher laser fluences. At such high laser energies, the protonated

molecule (C5H12NO2
+) at nominal mass 118 was also measured

quantitatively (Figure 6). The SNRs of the organic peaks, including

both the primary fragment and the protonated precursor, could have

been further improved by increasing the laser energy to even higher

values, and/or tuning the targeted mass range to exclude the

inorganic matrix ions that dominated the signal (i.e., Mg and S),

thereby liberating more ion volume within the CosmOrbitrap mass

analyzer. All peaks measured, including the highest mass belonging

to protonated valine, were measured with a mass resolution of

m/Δm≥ 120,000 (FWHM) and an accuracy within 3.2 ppm of

absolute values.

FIGURE 6 Mass spectrum of 0.35wt.%
valine physically admixed with MgSO4 salt.
Elemental peaks derived from the magnesium
sulfate matrix (e.g., 24Mg and 32S), and peaks
representing the protonated molecule and
fragment ion of valine at m/z 118 and 72,
respectively, are observed, enabling diagnostic
identification of both inorganic and organic
components. All peaks were measured with a
mass resolution of m/Δm≥ 120,000 (FWHM),
and a mass accuracy within 3.2 ppm of true
values using 25Mg as an internal standard for
calibration

FIGURE 7 Mass spectrum of a dried residue
of 10 μL of a 10 μM amino acid solution
plated onto an Al sample stub over an area of
80mm2, resulting in a surface concentration
of approximately 1 pmol/mm2. Of the 16
amino acids contained in the solution, twelve
were detected, eleven as protonated
molecules and one as an Al adduct, with a
signal‐to‐noise ratio (SNR) >3 in positive ion
mode (with no distinction between isomers
leucine and isoleucine)
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3.4 | 1pmol/mm2 amino acid residue

As described above, four drops (2.5 μL each) of the 10 μM amino acid

mixture were pipetted onto an aluminum stub over an area 10mm in

diameter (80mm2) and allowed to dry. Thus, the residue of the plated

solution resulted in approximately 1 pmol/mm2 of each amino acid. Of

the 16 amino acids contained in the sample solution, twelve were

detected above the background (SNR > 3; Figure 7). Eleven amino acids

were observed as protonatedmolecules, but glycine was only identified

as an Al adduct; other amino acids also formed adducts with Al, but at

much lower signal levels than the protonated molecules. The amino

acids that were not observed above background included serine (nomi-

nal mass 105), aspartic acid (mass 133), glutamic acid (mass 147), and

the cysteine dimer, cystine (mass 240). The failed detection of these

species reflects their preference to form negative ions in

laser‐induced plasmas with high electron densities and limited proton

availability (i.e., little to no matrix to serve as a proton donor);100–103

this is not unexpected because amino acids with acidic side chains

at neutral pH, such as aspartic and glutamic acids, deprotonate easily

and should therefore be expected to form anions more readily. Only

positively charged ions were measured in this study, and further work

is needed to compare the detection efficiencies of amino acid anions.

For the amino acids detected, the mass resolution was influenced by

both nominal mass and SNR (Figure 8). Of the twelve peaks detected,

nine were measured with a mass resolution of m/Δm≥ 110,000

(FWHM), and the other three with m/Δm ≈ 90,000 (FWHM), possibly

reflecting poor tuning of the deflector electrode or accelerated decay

rates of time‐domain transient signals due to larger collision

cross‐sections.104 All peaks detected were determined to within

2.0 ppm of their true masses, using the 27Al peak from the sample stub

as an internal standard.

4 | CONCLUSIONS

Laser desorption/ablation mass spectrometry, as realized by the

CosmOrbitrap mass analyzer adapted for spaceflight coupled with a

commercial pulsed UV laser system (266 nm), has been shown to

effectively characterize: the inorganic elemental composition of

geological samples representing analogs of potentially habitable

planetary environments, such as formerly acidic and/or aqueous

systems on Mars (e.g., jarosite) and the subsurface ocean of Europa

(e.g., MgSO4 salt); and the organic content of synthetically doped

equivalents to salt‐rich and salt‐poor water residues. In positive ion

mode, this instrumental configuration was able to detect twelve

α‐amino acids down to pmol/mm2 concentrations. The mass spectra

collected on these planetary analog samples illustrate the capacity of

the instrument to achieve ≤3.2 ppm accuracy and mass resolving

powers well in excess of m/Δm > 100,000 (FWHM), and determine

isotopic abundances to <1% (2σ) precision. Further work remains to

demonstrate the capabilities of the system to analyze negatively

charged ions. The prototype laser‐interfaced CosmOrbitrap developed

and tested here represents a game‐changing technology capable of

revolutionizing in situ mass spectrometry, and advancing the agenda

of the planetary science community for decades to come.

FIGURE 8 Zoomed‐in perspective of the peaks identified in the 10 μM amino acid residue (at a surface concentration of 1 pmol/mm2), as well as
four peaks that were not identified above the noise floor (specifically, serine, aspartic acid, glutamic acid, and cystine). Nine of the twelve peaks
detected (SNR >3) are defined by a mass resolution m/Δm ≥ 110,000 (FWHM), with the other three measured at m/Δm≈ 90,000 (FWHM). Using
27Al as an internal standard for mass calibration, all masses were determined with 2.0 ppm accuracy. Unlike the other amino acids detected here,
the peak for protonated glycine was not observed; rather, glycine was only identified as an Al adduct. bdl: below detection limit (i.e., SNR <3)
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