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Abstract— The 2018 joint ESA-Roscosmos ExoMars 
rover mission will seek the signs of past or present life in 
the near-surface environment of Mars. The rover will 
obtain samples from as deep as two meters beneath the 
surface and deliver them to an onboard analytical 
laboratory for detailed examination. The Mars Organic 
Molecule Analyzer (MOMA) investigation forms a core 
part of the sample analysis capability of ExoMars. Its 
top objective is to address the main “life signs” goal of 
the mission through detailed chemical analysis of the 
acquired samples. MOMA characterizes organic 
compounds in the samples with a novel dual ion source 
ion trap mass spectrometer (ITMS). The ITMS supports 
both pyrolysis-gas chromatography (pyr-GC) and Mars 
ambient laser desorption/ionization (LDI) analyses in an 
extremely compact package. Combined with the 
unprecedented depth sampling capability of ExoMars, 
MOMA affords a broad and powerful search for 
organics over a range of preservational environments, 
volatility, and molecular weight. 

TABLE OF CONTENTS 

1. INTRODUCTION ................................................. 1	  
2. MS REQUIREMENTS ......................................... 2 
3. MS DESIGN ....................................................... 2	  
4. PERFORMANCE TESTING .................................. 4	  
5. CONCLUSIONS ................................................... 5 
REFERENCES ......................................................... 5	  
BIOGRAPHY .......................................................... 5	  

 

1. INTRODUCTION 
The Mars Organic Molecule Analyzer (MOMA), a dual-ion 
source mass spectrometer-based investigation capable of 
both pyrolysis-gas chromatography/mass spectrometry (pyr-
GCMS) and laser desorption mass spectrometry (LDMS), is 

a key instrument on the Pasteur Payload of the 2018 
ExoMars rover mission to seek the signs of past or present 
life on Mars. When combined with the new two-meter drill 
depth sampling capability of the ExoMars rover, MOMA 
affords a broad and powerful search for organics over a 
range of preservation environments, volatility, and 
molecular weight. This combination may prove critical, as 
complex organic compounds are highly susceptible to 
degradation by cosmic radiation, which is effective to at 
least one meter depth on Mars [1]. In addition to enabling 
mission science, MOMA critically informs strategies for 
both sampling and in situ analysis for Mars Sample Return 
(MSR), which remains a top goal of the international 
planetary science community [2]. 

GCMS and LDMS are complementary approaches to 
detection of organic compounds and some inorganic species 
in complex mineralogical samples such as encountered on 
Mars. GCMS is well suited to characterizing mixtures of 
small-to-moderate molecular weight, volatile and semi-
volatile species thermally released into the gas phase by 
pyrolysis. GC separation is especially important to identify 
patterns in molecular structure, such as the even-odd carbon 
number distribution of some biomolecules such as fatty 
acids. Selective synthesis can be an indicator of 
biochemistry versus abiotic processes, which tend to yield 
all statistically-probable structures. In these cases mass 
spectra alone may be ambiguous given the many interfering 
fragment peaks produced from mixtures of organics with 
electron ionization (EI) as used on MOMA and most other 
flight instruments. 

LDMS is sensitive to nonvolatile organics as the short (~1 
ns) laser pulse is able to desorb and ionize many molecular 
species intact, even to high kilo-Dalton (kDa) molecular 
weights. Carboxylic acids, peptides, polycyclic aromatic 
hydrocarbons, and macromolecular carbon, or kerogen-like 
hydrocarbons, are detectable through LDMS. These may be 
of great importance to distinguish the origin of any organics, 
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given that the majority of cometary and interplanetary dust 
that has fallen on Mars is in a macromolecular hydrocarbon 
structure, and may dominate the abundance profile at the 
parts-per-million levels by weight in the regolith. In 
addition, LDMS detects some elemental and mineral oxide 
and sulfide species, illuminating the host environment of 
any organics detected in the same point-by-point analysis. 
The addition of LDMS to GCMS data could also help 
indicate which species passing through the columns may be 
structurally related to larger and less-volatile species seen 
with laser desorption. 

MOMA is led by the Max Planck Institute for Solar System 
Exploration (MPS, PI: Dr. Fred Goesmann). Development 
of the major subsystems of MOMA depicted in Fig. 1 is 
shared among the major partners. MPS is responsible for the 
tapping (sealing) station, pyrolysis ovens, and the 266 nm 
pulsed laser (and electronics). The 4-column GC including 
regulated He gas, injection traps, thermal conductivity 
detectors, and a multiplexed valve system is provided by a 
consortium of French laboratories (Co-PI: Dr. Francois 
Raulin) and is substantially the same team that provided the 
Sample Analysis at Mars (SAM) six-column GC now 
operating on Mars in the Mars Science Laboratory (MSL) 
rover. The linear ion trap MS, the RF power supply, the 
turbomolecular vacuum pump, and the two electronics 
boxes that control all of MOMA, are provided to MPS as a 
subsystem, termed MOMA-MS, by a NASA/GSFC-led U.S. 
team partnering with the University of Michigan, Space 
Physics Research Lab, Battel Engineering, and Creare, Inc., 
all of which have experience collaborating on the 
development of SAM. The overall MOMA investigation 
was recently summarized by Steininger et al. [3]. This report 
focuses on the MS. 

 
Fig. 1. Overview of MOMA instrument modules. The mass 
spectrometer and electronics are integrated with a pyrolysis 
system, including tapping station and ovens, and a four-
column gas chromatograph, into the ExoMars rover. 
 

2. MS REQUIREMENTS  
To achieve both GCMS and LDMS in a common mass 
spectrometer and remain within the extremely limited mass, 
power, and volume resources available on ExoMars, a dual-

ion source ion trap MS (ITMS) design was adopted. The 70 
eV EI source ionizes compounds entrained in He gas that is 
split from the pyr-GC effluent and leaked into the MS. The 
pulsed LDI source produces ions directly from the surface 
of samples, at Mars ambient pressure, positioned near the 
MS inlet by the rover’s sample processing and delivery 
system (SPDS) on a refillable tray. This configuration 
necessitates a tolerance of higher pressures than typical in 
mass spectrometry, which was partly the basis for selecting 
an ion trap. The requirements on the ITMS in each of the 
operating modes are summarized in Table 1. These must be 
met across a range of Mars surface/rover ambient conditions 
(i.e., 4 to 8 Torr and -40°C to +20°C) to ensure the full 
science return over the 180 sol operational lifetime of the 
mission. In addition to these figures of merit, the MS must 
record spectra quickly without long settling or pumping 
times. For example, individual full m/z range scans must be 
taken at 10 Hz or faster in pyr-GC mode to capture the 
shapes of fast (~1 sec) peaks eluting from the columns.  

Table 1. Summary of MOMA-MS Requirements 
Performance 
Specification pyr-GC mode LDI mode 

Mass range 50 – 500 Da 50 – 1,000 Da 
Resolution 
(FWHM) 

≤1 Da ≤2 Da from 500 
to 1,000 Da 

Sensitivity 
≤1 pmol  

(SNR ≥ 10) 
≤1 pmol  

(SNR ≥ 3) 
Accuracy ≤	  0.4 Da 
Drift ≤ 0.4 Da per experiment 

 

3. MS DESIGN 
The MS assembly including ion trap, laser, pump, RF 
supply, and valved LDI inlet assembly is shown in Fig. 2. 

 

Fig. 2. Current design of the MOMA mass spectrometer. 
Laser ions from Mars ambient (4-8 Torr) enter the ion trap 
through the inlet while the valve is open (50-500 msec). 
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The assembly shown in Fig. 2 is extremely compact, only 
about 15 cm across the base. The MS takes advantage of the 
double-ended design afforded by a linear ion trap that 
allows ions to be admitted from either end of the device. 
The core linear ion trap, depicted in Fig. 3, includes four 
parallel hyperbolic rods (as in a quadrupole mass filter) and 
two end-plate electrodes. This configuration is similar to 
that originally developed by Thermo Scientific for their 
LTQ and LXQ systems.  
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Fig. 3. The double-ended, quadrupole-like geometry of 
linear ion trap employed in MOMA-MS enables ions from 
pyr/GC-EI and LDI sources to be analyzed in one volume. 

The ion trap operates with a combination of RF and DC 
potentials applied to the four rods forming an ion trapping 
volume – hence the device’s name. Ions formed in either 
mode are injected through center holes in the end plates and 
are trapped in a potential well created by the applied 
voltages. Trapped ions oscillate in the RF field and exhibit a 
resonance frequency dependent on their m/z value and 
several operating parameters of the instrument. To detect the 
ions and generate a mass spectrum they must be ejected 
from the trap. A dipolar AC signal is applied to a pair of 
opposing rods (each containing a narrow longitudinal slit) 
and the amplitude of the RF voltage is ramped. This causes 
ions of successively higher mass to resonate with the AC 
signal and be ejected through the slits. After ejection the 
ions are detected with a dynode and channel electron 
multiplier (CEM). The trap has two detectors (one for each 
slitted rod) that can be operated individually as redundant 
single detectors or in parallel for enhanced sensitivity. 
Mechanical precision requirements for the linear trap are 
comparable to quadrupole mass filters with which our team 
has much experience.  The Goddard-built miniature ITMS 
(Figs. 4, 5) is a factor of 3-4 times smaller than the 
commercial state-of-the art analyzer, allowing lower 
voltages to be used to achieve the same m/z range. 

Electron Ionization (GCMS mode) 

The EI source used in MOMA-MS (Fig. 5) is very similar to 
EI sources used with the quadrupole mass spectrometers 
(QMS) in SAM and the Mars Atmosphere and Volatile 
Evolution (MAVEN) Neutral Gas and Ion Mass 
Spectrometer (NGIMS). The source contains two redundant 
W-Re filaments producing 70 eV electron beams with up to 
50 µA of electron current that ionize neutral pyr/GC effluent 

delivered directly into the closed ionization volume. The 
electron and ion beams are gated such that ions are only 
generated and injected into the instrument when desired, 
which eliminates noise and stray ions on the detector.  The 
LIT is operated with a background pressure of ~0.5 mTorr 
in GCMS mode which provides optimum instrument 
sensitivity and mass spectral performance.  

 
Fig. 4. The MOMA-MS miniaturized LIT mass analyzer. 

 

 
Fig. 5.  MOMA ITMS with linear trap between the plates 

and SAM-heritage EI source above the upper plate. 
 
Laser Desorption/Ionization (LDMS mode) 

The LDI ion source used in MOMA-MS was largely a new 
development, although it is based on the discontinuous 
atmospheric pressure ionization (DAPI) scheme of Gao et 
al. [4].  The source uses a custom, fast-acting, aperture valve 
and coupled ion transfer tube (Fig. 2). In its application on 
MOMA-MS this configuration has been built at flight scale 
and has survived life testing to over 105 cycles. 

To perform LDI a frequency-quadrupled (266 nm) passively 
Q-switched Nd:YAG laser is focused at 45 degrees 
incidence onto the sample surface held at Mars ambient 
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pressure (4-8 Torr, primarily CO2), which is positioned at a 
point 3-5 mm below the entrance of the ion transfer tube 
(Fig. 2). The aperture valve, ]mounted in the middle of the 
tube, is opened for a few hundred msec causing the ion trap 
pressure to rise quickly to several tens of mTorr. With the 
valve open, the laser fires a burst of pulses desorbing and 
ionizing atomic and molecular species directly from the 
surface. A potential applied to the inlet draws ions across 
the gap toward the tube. Near the tube entrance, ions are 
drawn in via gas flow entrainment carrying them to the ion 
trap (a distance of 3 cm). Following the last laser pulse, the 
valve is closed and the ion trap chamber pumps down via 
the vacuum pump to 0.1-0.5 mTorr in several seconds (the 
precise time depends on a number of experimental factors). 
The ions are readily trapped for tens of seconds at high 
pressures, a strong benefit of using an ion trap for this 
application. The detector high voltages are then switched on 
and the ions are ejected and detected. 

Laser pulses of up to ~200 µJ focused to a spot size of 0.5 
mm diameter or less yield intensities of tens to hundreds of 
MW cm-2 which cover a wide range of desorption thresholds 
at 266 nm for mineral substrates even into the translucent 
silicate domain. Detectable fractions of the organic moieties 
desorbed from these substrates can survive intact along with 
their multi-photon ionization fragments, permitting their 
characterization even at sub-pmol mm-2 concentrations in 
some cases. Operating the LDI mode over a range of laser 
energies, afforded by temperature tuning of the passively Q-
switched laser crystal, can reveal correlations between 
fragments and parent molecules, supporting organic 
identifications in analysis of complex mixtures. 

Turbomolecular Pump 

The baseline vacuum pump for MOMA-MS is the new 200 
krpm hybrid turbomolecular drag pump from Creare, Inc. 
that is a further miniaturized model of their 100 krpm Wide 
Range Pump (WRP) now operating successfully on Mars in 
the SAM suite. These 4-5 liter/sec pumps exhaust directly to 
the Mars ambient atmosphere, obviating the need for a 
backing stage pump. The operating requirements on the 
MOMA pump are quite different than those of the SAM 
WRP, given that the MOMA pump reduces pressure from 
Mars ambient down only to 0.5 mTorr (rather than below 1 
µTorr for the SAM QMS), and in LDI mode is cycled to 
over 10 mTorr with every valve opening to produce one 
mass scan. However we have found that the same basic 
design of pump is able to withstand the MOMA 
requirements and still meet the science objectives for 
sensitivity, which require the ITMS to be evacuated within 
~4 seconds following closure of the aperture valve to retain 
and detect as little as 1 pmol mm-2 of analyte. The MOMA 
pump is currently in a bearing optimization and lifetime test 
program that will conclude in early 2013. 

4. PERFORMANCE TESTING  
The MOMA mass spectrometer flight-like breadboard has 
been tested against performance specifications and 

optimized within resource and schedule constraints of the 
ExoMars mission. All of the requirements on the ITMS 
(Table 1) have been met. The mass resolution and limit of 
detection specifications have been established through 
simplified testing of reference compounds, which provide 
reproducible sampling conditions for the ITMS (Fig. 6).  

The mass range has been checked with known high-
molecular weight species such as the peptide Angiotensin II 
(m/z 1047) and with cluster-forming sources such as NaI 
(Fig. 7), which demonstrates uniform sensitivity to organics 
exceeding the goal of 2000 Da. High molecular weight 
peaks in complex samples such as Mars analogs are now 
being systematically studied in a round robin campaign 
using our commercial (Thermo) linear ion trap and other 
instrumentation. Initial assessment of MOMA-like protocols 
applied to organic-bearing Antarctic sediments was 
presented in Bishop et al., 2012 [5]. 

 

Fig. 6. MOMA-MS meets specifications for mass resolution 
and detection limits in EI (a) and LDI (b) modes. PFTBA: 
perfluorotributylamine (CF3(CF2)3)3N; R6G: Rhodamine 6G 
C28H31N2O3Cl, 1 pmol loaded on sample plate. 

 

Fig. 7. Mass range of cluster-producing NaI in LDMS 
mode. Spectrum compares favorably with data from a high-
performance commercial (Thermo LTQ) ion trap analysis. 

Structural analysis of ions via tandem mass spectrometry 
(MS/MS) is a useful and somewhat unique benefit of using 
an ion trap mass spectrometer for planetary missions. A 
typical MS/MS experiment proceeds as follows. First, the 
ion trap is filled with ions from LDI. The ions are trapped 
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and all but a single mass of interest is ejected from the trap 
using a notch in either the ejection frequency or voltage 
where the ion of interest is stable. The ion is then excited 
and fragmented to form product ions. These ions are re-
trapped and scanned out and detected as in a normal mass 
scan. The spectra in Fig. 8 validate each step in the 
sequence for the peptide Angiotensin II. Here we 
demonstrate the trapping and isolation of the parent 
molecular ion m/z 1047, then its subsequent excitation and 
fragmentation.  This also represents the sensitivity 
requirement for MS/MS mode, which is 10 pmol mm-2 
Angiotensin II with SNR > 10. 

 

Fig. 8. MS/MS LDI limit of detection demonstration at 10 
pmol/mm2 of peptide Angiotensin II in di-hydroxybenzoic 
acid (DHB) matrix on MOMA-MS. 

 

5. CONCLUSIONS 
MOMA-MS has met or exceeded its design specifications 
and has passed its subsystem preliminary design review 
(PDR) in Dec. 2012. A MOMA-level PDR is planned for 
spring, 2013 with the ExoMars rover payload PDR to follow 
shortly thereafter. Brassboard Main Electronics Box and the 
Secondary Electronics Box electronics have been developed 
and are undergoing testing with the breadboards. An 
engineering test unit (ETU) of the mass spectrometer, with 
fully flight-like housing, RF, and laser configuration will be 
developed and tested in 2013. The ETU will also be 
integrated with a flight-like GC prototype for full-up GCMS 
campaigns in 2013 to validate the preliminary design and 
prepare for a critical design review (CDR) in early 2014. 
The MOMA-MS subsystem flight model is planned to 
deliver to MPS in Dec. 2015, well in advance of the 2018 
launch owing to the multiple nested levels of integration and 
testing of this highly-specialized mission payload. 

ExoMars presents a unique opportunity to examine surface 
and subsurface materials on Mars with a new and unique 
tool, the MOMA-MS dual source linear ion trap instrument 
under development with NASA support. As of this writing, 
the MOMA-MS team has been given the go-ahead by 

NASA Headquarters to continue support of the ExoMars 
mission with this investigation as part of the overall Mars 
Exploration Program. The MOMA-MS development in 
general represents a substantial capability that is ready to be 
brought to flight opportunities in support of the next round 
of Mars exploration, in the post-MSL era where very careful 
organic analyses will be needed with an eye to selecting 
those samples of highest value for eventual return to Earth. 
The highly-miniaturized MOMA-MS instrumentation would 
thus be an asset in the MSR campaign. 
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