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Abstract

A new technique that has applications for the detection of nonvolatile organics on Ocean Worlds has been
developed. Here, liquid mixtures of fatty acids (FAs) and/or amino acids (AAs) are introduced directly into a
miniature quadrupole ion trap mass spectrometer (QITMS) developed at Jet Propulsion Laboratory and ana-
lyzed. Two ionization methods, electron impact and chemical ionization (EI and CI, respectively), are compared
and contrasted. Further, multiple CI reagents are tested to explore their potential to ‘‘soften’’ ionization of FAs
and AAs. Both EI and CI yield mass spectra that bear signatures of FAs or AAs; however, soft CI yields
significantly cleaner mass spectra that are easier to interpret. The combination of soft CI with tandem mass
spectrometry (MS/MS) has also been demonstrated for AAs, generating ‘‘fingerprint’’ mass spectra of frag-
ments from protonated parent ions. To mimic potential Ocean World conditions, water is used as the primary
collision gas in MS/MS experiments. This technique has the potential for the in situ analysis of molecules in the
cryogenic plumes of Ocean Worlds (e.g., Enceladus) and comets with the ultimate goal of detecting potential
biosignatures. Key Words: Amino acids—Fatty acids—Chemical ionization—Mass spectrometry—Life
detection—Ocean worlds. Astrobiology 19, xxx–xxx.

1. Introduction

Icy worlds have become a topic of great interest due to
their potential for containing signs of extraterrestrial life.

Since life as we know it requires liquid water, Ocean Worlds,
such as Europa, Titan, Enceladus, Ganymede, and Callisto,
have become astrobiological targets (Lunine, 2017). Four key
requirements for habitability are liquid water, energy, carbon,
and nitrogen (McKay et al., 2014). Several of these Ocean
Worlds present inhibitive challenges to habitability and the
search for life. For example, Ganymede (Kivelson et al., 2002)
and Callisto (Anderson et al., 1998) have deep underwater
oceans that are isolated from their rocky cores by a layer of high-
pressure ice, reducing the likelihood of hydrothermal chemistry.
Further, the subsurface oceans are buried under several tens of
kilometers of water ice and are not easily accessible.

Titan, on the other hand, has surface lakes and seas of liquid
hydrocarbons, under which lies a liquid water ocean that is
sandwiched between two layers of ice (Fortes, 2012). The top
ice shell makes it difficult to access the liquid ocean, and the
bottom ice shell isolates the liquid water from Titans’s core.

Both Europa and Enceladus have subsurface oceans
under an icy shell that come into contact with the moons’
cores. The subsurface ocean of Enceladus may be accessed
through a plume emanating from fractures at its southern
pole (Porco et al., 2006; Spahn et al., 2006), and evidence
is mounting for plume activity on Europa as well (Roth
et al., 2014; Sparks et al., 2016; Jia et al., 2018). Further,
evidence of hydrothermal activity has been supported by
the discovery of silica particles (Hsu et al., 2015; Sekine
et al., 2015) and molecular hydrogen in Enceladus’ plumes
(Waite et al., 2017). Choblet et al. (2017) have determined
that tidal friction produces sufficient heat to support hy-
drothermal activity, with focused heating driving intense
interactions between the liquid ocean and the rocky core
and transporting hydrothermal products to the plume sources.
As such, Enceladus and Europa represent some of the most
reasonable targets in the search for extraterrestrial life.

The search for extinct or extant life on an Ocean World
involves searching for specific molecules and molecular sig-
natures that are representative of and unique to life. These
molecules are termed biosignatures, and examples include
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isotope patterns, the presence and ratios of chiral molecules,
and the presence and distribution of organic molecules
(Domagal-Goldman et al., 2016; Hand et al., 2017). For ex-
ample, organic compounds from abiotic sources are typically
composed of racemic mixtures of chiral molecules, branched
chain isomers, show an exponential decline in the amount of
molecules with increasing carbon number, and contain ther-
mally stable and polycyclic aromatic hydrocarbons (Sephton
and Botta, 2005).

On the other hand, organic compounds produced from
organisms generally show a preference for chiral molecules
in nonequilibrium ratios, straight chains or cyclic isomers,
abundance patterns that differ from abiotic synthesis pat-
terns, and the absence of thermally stable and polycyclic
aromatic hydrocarbons (Sephton and Botta, 2005; Creamer
et al., 2017). The presence and characteristics of biomole-
cules such as amino acids (AAs) and fatty acids (FAs) are of
particular interest ( Johnson et al., 2018). Specifically, the
presence of AAs with a chiral imbalance and/or FA distri-
bution patterns is not expected from abiotic synthetic
pathways (Domagal-Goldman et al., 2016).

There are two ways to search for biosignatures on Ocean
Worlds. One is remotely, usually by spectroscopy conducted
with telescopes orbiting the Earth (Norwood et al., 2016). The
other is by sending in situ instruments to locations of interest
(Waite et al., 2004; Rayman et al., 2006; Leshin et al., 2013;
Postberg et al., 2018; Webster et al., 2018). Although there
are many benefits to remote measurements, the main draw-
backs of remote sensing from the Earth are that the tech-
niques mostly probe species in the upper atmosphere, which
are likely to be different to compounds on or near the surface,
and that molecular species are not always able to be defini-
tively identified due to spectral congestion (Encrenaz, 2008;
Norwood et al., 2016). Further, remote measurements tend to
have lower sensitivity, making the detection of trace organic
species nearly impossible. In situ instruments provide a direct
analysis of the molecules present in and around potential
habitable environments on an Ocean World.

Planetary missions can be divided into three categories:
lander, orbiter, and flyby. There have been numerous orbital and
flyby missions sent to planets (e.g., Mars, Saturn, and Jupiter),
moons (e.g., Europa, Titan, and Enceladus), and comets (e.g.,
Rosetta and Tempel 1) (Ball et al., 2007; Gao and Chien, 2017).
There have also been several lander missions; the most notable
are the long lineage of landers and rovers sent to Mars (Ball
et al., 2007; Grotzinger et al., 2012), the Huygens lander (Ful-
chignoni et al., 2005; Tomasko et al., 2005), and the Rosetta
probe (Seidensticker et al., 2007; Capaccioni et al., 2015).

Depending on the type of body visited, landers typically
drill or scrape the surface to collect a sample for analysis.
Landers that drill or scrape the surface have been sent to
comets (Rosetta) and planets (Mars) and have been proposed
for missions to planets (Ceres) (Poncy et al., 2008) and icy
moons (Enceladus, Europa, and Titan) (Hand et al., 2017).
Landers can house more sophisticated instrumentation, such
as separatory or chromatography-based techniques; however,
sample collection can be more difficult and fraught with
technical challenges (Hand, 2008; Arvidson et al., 2009).
Orbiters and flybys can pass through the coma or tail of a
comet or the plumes of a moon (e.g., Enceladus and possibly
Europa) (Lorenz, 2016; Waite et al., 2017) for sample col-
lection and analysis with relative ease.

The Cassini-Huygens (Cassini) flybys of Enceladus have
sparked intense interest in the search for biosignatures there
due to its global subsurface salty ocean, the composition of
which can be sampled in the cryovolcanic ice plumes that
are ejected from the hidden subsurface ocean. Cassini made
several passes through the ice plumes of Enceladus and by
utilizing mass spectrometry (MS) found both simple (Waite
et al., 2006, 2009) and complex (Postberg et al., 2018) or-
ganic compounds, some of which are biologically relevant.
Further, H2, CO2, and CH4 have been measured in En-
celadus’ plumes (Bouquet et al., 2015; Waite et al., 2017). It
has also been suggested that Enceladus is home to all of the
right ‘‘ingredients’’ to support life (Porco et al., 2017).

One commonly used technique for extraterrestrial in situ
instrumentation is MS, an analytical technique in which che-
mical species in a sample are ionized and separated based on
their mass-to-charge (m/z) ratio. MS is a particularly powerful
tool because it can yield specific mass information about
the molecular species in a sample. This can be advantageous
over rovibrational spectroscopic techniques, such as IR
spectroscopy, which help identify functional groups in a
sample but do not necessarily yield enough information for
molecular identification.

Mass spectrometers have been most notably present on the
Curiosity rover (Webster et al., 2018), the Cassini spacecraft
(Srama et al., 2004; Waite et al., 2004), the Huygens probe
(Niemann et al., 2005; Waite et al., 2017), and the Rosetta
orbiter (Balsiger et al., 2007). Further, Europa Clipper, a future
mission to visit the Jovian moons, will include two mass
spectrometers: one to analyze contents of dust/ice contained in
the exosphere or plumes, if they exist (Kempf et al., 2014), and
another to sample material ejected from potential plumes and
the surface-sputtered atmosphere (Brockwell et al., 2016;
Sephton et al., 2018).

One potential limitation to MS is the type of ionization used,
which is often categorized as ‘‘hard’’ or ‘‘soft.’’ Hard ionization
techniques, such as electron impact ionization (EI), impart ex-
cessive energy to sample molecules, often resulting in sample
fragmentation. Electrospray ionization and chemical ionization
(CI) are considered soft techniques and can cause little to no
sample fragmentation. When a sample contains a complex
mixture, soft ionization techniques are generally favored be-
cause they cause less fragmentation and thus yield mass spectra
that are easier to interpret, allowing for more definitive molec-
ular identification of sample constituents (Gross, 2011).

Tandem mass spectrometry (MS/MS) methods provide
structural information and increased specificity and sensi-
tivity beyond that contained in a full mass spectrum obtained
with soft ionization only. Although EI is known for its ability
to provide structural information when working with a pure
sample, distinguishing fragment from parent ions as well as
elucidating the parent ion of fragments is not practical in
complex mixtures. For this reason, the combination of soft
ionization followed by MS/MS is sometimes the only viable
option for many real-world analyses if some form of chro-
matography or other separation technique does not precede
MS, as may be the case for certain orbital and flyby missions.

The recent interest in Ocean Worlds and their potential
habitability has made it necessary to develop in situ ana-
lytical techniques that are appropriate for water-based
samples (Neish et al., 2018). The detection and identifica-
tion of potential biosignatures such as FAs and AAs is of
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high priority, especially on Ocean Worlds ( Johnson et al.,
2018). Due to their low vapor pressures, it is challenging to
get FAs and AAs in the gas phase for ionization and detection.
On an Ocean World such as Enceladus, volatile AAs may
already exist in the gas phase in the plume; however, long-
chain FAs and less volatile AAs entrenched within ice grains
in the plume may volatilize after a high velocity impact be-
tween the ice grain and a surface. If the ice grain impacts an
instrument surface, the species present in the grain can be
characterized (Postberg et al., 2009, 2011, 2018).

In this article, a technique for volatilizing, ionizing, and mass
analyzing FAs and AAs directly in a miniature quadrupole ion
trap mass spectrometer (QITMS) developed at the Jet Propul-
sion Laboratory (JPL) (Darrach et al., 2010; Madzunkov and
Nikolić, 2014; Madzunkov et al., 2018) is presented, with
hopes of eventually being implemented for the analysis of or-
ganics within ice grains during flybys of moon-like Enceladus.

A method for soft CI MS in water-rich environments has
been developed and contrasted with EI MS. Due to the un-
avoidable presence of water (as a solid and/or gas) on Ocean
Worlds, water was used as a reagent ion for CI as both a pure
reagent and in mixtures with secondary reagent gases. Acet-
onitrile and acetone were also used as CI reagents to probe
‘‘softer’’ ionization conditions. Further, the ability to use water
as a collision gas for MS/MS was explored. By taking ad-
vantage of the ability of the QITMS to perform single-stage
and MS/MS, a method for FA and/or AA identification in
aqueous samples has been demonstrated. Finally, the im-
plementation of this technique (i.e., CI followed by MS/MS)
for a flight instrument is briefly discussed.

2. Materials and Methods

A schematic of a miniature QITMS developed at JPL
(Madzunkov and Nikolić, 2014) is presented in Fig. 1. The
QITMS comprised a Paul trap (Paul, 1990), a home-built
electron impact ionization (EI) gun (filament: Kimball Physics,

ES-042), and a channel electron multiplier detector (Photonis,
Magnum� 5901). The QITMS laboratory testbed instrument
used in this study is housed in a 6 in. ConFlat� tee vacuum
chamber. For this study, the electron ionization gun (Fig. 1B)
is mounted to the ring electrode of the trap, as was done in a
previous study (Avice et al., 2019). Further, a capillary used
to deliver a liquid sample is fed through a preexisting gas
line and is positioned such that the end is *0.5 mm from the
ring electrode. Similar techniques were considered as part of
the vehicle cabin atmosphere monitor initiative and another
JPL internally funded project; however, neither project se-
lected a liquid injection technique.

The basics of quadrupole MS (March, 1997) and QITMS
operation have been previously described in detail (Madzun-
kov and Nikolić, 2014). Briefly, the QIT comprised an inner
ring electrode and two end-cap electrodes (Fig. 1A). The inner
surfaces of the ring and end-cap electrodes are hyperbolic, and
by applying a radio frequency (RF) electric potential to the
ring electrode and grounding the two end-caps, a quadrupole
electric field is created in the center of the ion trap. Ions above
a particular m/z ratio are trapped in the quadrupole electric
field, which is a function of, among other variables, the am-
plitude of the RF potential. The electronics that power the
QITMS have been previously developed with commercial off-
the-shelf electronic components chosen to have a viable path to
flight (Schaefer et al., 2008; Darrach et al., 2015). A picture of
the electronics module can be found in Supplementary Fig. S1.

The QITMS has a mass resolution (m/Dm) of 750 at 320
amu and a sensitivity of 1013 counts/torr/s (Avice et al., 2019).
To record a mass spectrum, the RF voltage magnitude is in-
creased linearly, thus causing ions to be ejected from the trap
from low to high m/z. Ions are ejected out of both end-caps;
however, only ions ejected toward the end-cap with a channel
electron multiplier are detected (Fig. 1C). In this way, a ‘‘full’’
mass spectrum is obtained.

MS/MS mass spectra can also be collected with this in-
strument. In MS/MS experiments, only ions of a particular
m/z are trapped by ramping the RF amplitude to eject low
m/z ions while simultaneously applying an AC voltage to the
end-caps that resonantly ejects ions of higher m/z than the
m/z of interest. Kinetic energy is then imparted to the trapped
ions by adjusting the RF amplitude to create an appropriate
potential well while introducing a supplemental AC voltage
on the end-caps that is resonant with the secular frequency of
the isolated ion. Collisions of the excited ions with neutral
background gases added to the trap convert the kinetic en-
ergy into internal energy and result in fragmentation. For
these experiments, water vapor is the supplied collision gas.
The residual parent ions and resulting fragments are then
ejected and detected, yielding an MS/MS mass spectrum.

In these experiments, a liquid solution is continuously
deposited onto the ring electrode of the QIT through a silica
capillary with an inner diameter (ID) of 10 or 15 mm and an
outer diameter (OD) of 360 mm (Fig. 1E). The sample is
pushed through the capillary from a syringe mounted in a
syringe pump or from a liquid reservoir that can be pres-
surized up to 100 psia with helium gas (UHP; Airgas). The
flow rate (50–200 nL/min) from the syringe pump or the He
pressure with which the sample is introduced is used to
control the pressure inside the trap. In addition, the ID of the
fused silica capillary used for sample delivery can be varied
to control the trap pressure. Gases may also be introduced

FIG. 1. Schematic of the experimental setup. A quadru-
pole ion trap mass spectrometer comprising a Paul trap (A),
an electron gun ionizer (B), and a detector (C) is housed in a
vacuum chamber (D). Liquid sample is introduced by a
capillary connected to a syringe or a pressurizable reservoir
(E). Gas can also be introduced into the trap by a tube (F).
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directly into the trap by a 0.040 in. ID, 1/16 in. OD (1.0 mm
and 1.6 mm, respectively) stainless steel tube (Fig. 1F).

A thin layer of silicon (SilcoNert�; SilcoTek) coats the
trap and gas line to reduce the adsorption of polar molecules
onto the inner surfaces of the trap and tubing. The trap is
heated by a halogen lamp to facilitate evaporation of the
sample deposited in the QITMS. Typical operating tem-
peratures of the trap are 115–125�C. Note that the sample
introduction method described here would not be employed
on a flight instrument. The focus of this article is to develop
a CI method for future flight instrumentation. Rather, these
methods are used for the ease with which they can be ap-
plied to a laboratory system. Ideally for a flight instrument,
ice grains will be impact vaporized on the wall of the
QITMS and molecular constituents mass analyzed. Heating
the QITMS is useful, even in a flight-like scenario, as it
helps prevent the loss of species through physisorption.

The target molecules introduced into the trap are primarily
ionized in one of two ways. At low pressures (<1 · 10-6 torr),
EI, where an electron with an energy of *70 eV impinges on
a neutral molecule causing electron loss and yielding a radical
cation and two electrons, dominates (Bleakney, 1930). Note
that 1 torr is equivalent to 1.3 mbar. EI is a high-energy
process and after the initial ionization, the excited radical
cation can then undergo secondary dissociation, resulting in
fragmentation of the molecule. A simple nondissociative EI
scheme followed by a dissociative scheme is shown next.

Mþ e�! Mþ�� þ 2e� (1)

Mþ�� ! Dþ þF� (2)

where M is the target molecule, M+�* is a radical cation in an
excited state, and D+ and F� represent all the fragments
created on ionization. Note that EI can be performed at low
partial pressures, and in these experiments, the electron
beam energy is modulated by the trapping potential applied
to the inner ring electrode.

Chemical ionization (CI), a soft ionization technique, occurs
at higher ion trap pressures (>1 · 10-6 torr) in the presence of
an appropriate reagent (Field, 1968). One of the most common
CI techniques is based on proton transfer. CI by proton transfer
begins with EI of a neutral reagent molecule (RH), typically
resulting in a radical cation (RH+�) (see Eq. 3 below). The
radical cation is very reactive and can directly ionize a neutral
sample molecule through charge exchange, or it can react with
other reagents to produce more CI reagent ions. In the case of
proton-transfer CI, the radical cation (RH+�) may react with
another neutral reagent (RH) to yield a protonated reagent ion
(RH2

+), as shown in Eq. 4. A proton can then be transferred
from the protonated reagent ion to a second neutral molecule
(M) if the proton affinity (PA) of the target (M) is larger than
that of the neutral reagent molecule (RH) (see Eq. 5). A
simplified and generic proton transfer CI reaction scheme is

RHþ e�! RH þ� þ 2e� (3)

RH þ� þRH ! RH þ2 þR� (4)

RH þ2 þ M ! RHþMH þ (5)

It is possible for the target molecule to undergo EI even at
higher trap pressures, though the likelihood is small due to

there being many more CI reagent molecules than target
molecules and due to collisions with the CI reagent. Con-
versely, it is possible for CI to occur at low trap pressures, but
it is not the dominant process as it is dependent on collisions.

For CI, the energy imparted to the sample molecule is
dictated by the difference in PAs between the neutral re-
agent (RH) and sample molecule (M). A small difference in
PAs between M and RH will typically result in ionization
with little to no fragmentation. In this study, ionization by
low-energy protonation with reagents and samples relevant
to Ocean Worlds is the primary goal to avoid severe frag-
mentation. Water, acetonitrile, and acetone are compared
as CI reagents and against EI. Table 1 includes the PAs of
neutral molecules relevant to this study. Water, acetonitrile,
and acetone are compared as CI reagents to probe the effect of
DPA. For the experiments presented here, the CI reagent (i.e.,
RH) is introduced either directly into the trap through the 1/16
in. tube (Fig. 1F) or through the sample line (Fig. 1E) as a
small portion (1%/vol) of the sample solution.

Regardless of the CI reagent, water is present during these
experiments, resulting in the production of hydronium ions
(H3O+). The formation of hydronium in the presence of
nitrogen has been previously studied (Good et al., 1970). It
is reasonable to expect hydronium formation to follow a
scheme similar to that presented by Eqs. 3–5, especially
when there is significantly more water present than nitrogen.
It is possible to create higher-order water clusters (Good
et al., 1970); however, these clusters are not observed in the
mass spectra presented here (see Supplementary Fig. S2 and
the Discussion for more details). When no other reagent
gases are present, hydronium then goes on to protonate the
sample molecule. A reaction scheme is shown next.

H2Oþ e�! H2Oþ� þ 2e� (6)

H2Oþ� þH2O! H3Oþ þOH� (7)

H3Oþ þM ! H2OþMH þ (8)

If acetonitrile or acetone is present at a sufficient abundance
(i.e., in the CI pressure regime, >1 · 10-6 torr), it is protonated
by hydronium and, in turn, protonates the sample molecule.
Acetonitrile and acetone will have analogous schemes, and the

Table 1. Molecular Weights, Abbreviations, and

Gas-Phase Proton Affinities of Neutral Organic

Molecules and Chemical Ionization Reagents

Molecule Abbreviation
Molecular

weight (amu)a
Epa

(kJ$mol-1)a

Lauric acid LA 200.32 –
Glycine Gly 75.07 886.5
Alanine Ala 89.09 901.6
Serine Ser 105.09 914.6
Methionine Met 149.21 935.4
Phenylalanine Phe 165.19 922.9
Water — 18.02 691
Acetonitrile — 41.05 779.2
Acetone — 58.08 812

aValues obtained from the CRC Handbook of Chemistry and
Physics (Rumble, 2018).
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reaction scheme once hydronium is formed (see Eq. 6 and 7
above) for acetonitrile (CH3CN) is as follows:

H3Oþ þCH3CN ! H2OþCH3CNH þ (9)

CH3CNH þ þM ! CH3CN þMH þ (10)

The gas-phase PAs of relevant AAs and CI reagents can be
found in Table 1. As with most high-molecular-weight FAs,
the PA of lauric acid (LA) is not known; however, it is rea-

sonable to estimate the PA to be greater than or equal to
propanoic acid (797.2 kJ$mol-1), the largest unsaturated FA
for which the PA is known (Rumble, 2018). This suggests that
at most 150 kJ$mol-1 of energy will be imparted to LA on
protonation with water. The energy difference is even greater
when ionizing AAs. Glycine, the AA in this study with the
lowest PA, will gain 196 kJ$mol-1 on ionization. Therefore,
water CI is expected to induce fragmentation. To ‘‘soften’’
ionization with CI, a molecule with a larger PA than water
(but a smaller PA than the sample) should be chosen. Here,

FIG. 2. Mass spectra of lauric acid collected by EI (A) and CI by using water (B), acetonitrile (C), and acetone (D). The
lauric acid structure is included above the EI spectrum. The parent ion and some high mass fragment m/z’s are labeled. Note
that some peaks have been truncated as indicated by a dashed line.
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acetone (PA = 812 kJ$mol-1) and acetonitrile (PA = 779.2
kJ$mol-1) were chosen as our ‘‘soft’’ CI reagents, although
any gas with a PA near 810 kJ$mol-1 would also work.

Solutions of 1 mg/mL (1000 ppm) LA were prepared by
dissolving LA powder in acetonitrile and vortexing to ensure
complete mixing. Acetonitrile was chosen as the solvent as it
is better than water at dissolving nonpolar molecules (e.g.,
FAs). AA mixture solutions comprising 0.2 mg/mL (200 ppm)
each glycine (Gly), alanine (Ala), serine (Ser), methionine
(Met), and phenylalanine (Phe) in 1/99%/vol. acetone/water
were made in a similar fashion. A complete list of chemicals
and a more detailed solution-making procedure can be found
in Supplementary Table S1. Molecular weights of LA, the
AAs, and CI reagents are included in Table 1.

3. Results

The differences in ionization technique can be observed in
Fig. 2, which presents mass spectra of LA collected with EI
(Fig. 2A) and CI with water (Fig. 2B), acetonitrile (Fig. 2C),
and acetone (Fig. 2D). The LA peak is labeled with its m/z,
200 for LA+� or 201 protonated LA (LAH+), representing the
radical cation or protonated parent ion, depending on which is
present. To aid in the comparison of the mass spectra, the most
intense peaks are truncated, as indicated by a dashed line. A
direct comparison of the JPL EI spectrum and the National
Institute for Standards and Technology (NIST) EI spectrum
can be found in Supplementary Fig. S3.

Comparing the EI mass spectrum with the CI mass
spectra highlights some expected differences. First, EI
generally results in a larger number of low-mass fragments
than CI, with the exception of water CI (see Fig. 2). Second,
EI produces a radical cation parent species whereas CI
produces protonated LA. Finally, CI yields the cleanest (and
therefore easiest to interpret) mass spectrum (Fig. 2D). The
main difference between the various CI reagents, all of
which are introduced as ‘‘pure’’ reagents in the gas phase, is
the extent of fragmentation. Water produces the most frag-
ments followed by acetonitrile and then acetone.

The water CI mass spectrum is particularly congested at
low mass (20–100 amu) and contains peaks that are not a
product of LA fragmentation (see Supplementary Fig. S2 for
a comparison of the JPL EI and water CI mass spectra). The
intense 42 amu feature corresponds to protonated acetonitrile
(CH3CNH+), which is known to fragment to 41, 40, and 39
amu (Stein, 2018). The presence of acetonitrile is likely a
result of background carryover, as it is the solvent in the LA
solutions deposited on the ion trap.

The low mass regions of the acetonitrile and acetone mass
spectra contain fewer LA fragments. The acetonitrile mass
spectrum contains two peaks that do not arise from LA,
namely protonated acetonitrile and acetone (42 and 59 amu,
respectively; Fig. 2C), with acetone arising from background
carryover. The most intense peak is protonated acetonitrile (42
amu). The low mass acetone mass spectrum is the cleanest,
with two intense peaks corresponding to protonated acetone
(59 amu) and one of its fragments (43 amu).

The high mass range (101–210 amu) of the water CI mass
spectrum is qualitatively similar to the EI spectrum for LA,
except for the presence of the LA+� (m/z 200) for EI-MS and the
LAH+ (m/z 201) for water CI-MS. In all of the CI mass spectra,
LAH+ is observed. The high mass region contains fewer frag-

ments in the acetonitrile CI mass spectrum. Containing the
same fragmentation peaks, the intensities of the 111 and 183
amu peaks are larger than observed with water CI whereas the
other fragment intensities are diminished. Finally, the acetone
mass spectrum is the cleanest of all. There are far fewer frag-
ment peaks, with the fragments at m/z 101 and 183 dominating
the higher mass region. LAH+ fragments with m/z 101, 111, and
183 correspond to the loss of (CH2)5(CH3)2, (CH2)3(CH3)2 and
H2O, and H2O, respectively, from LA. The protonated acetone
dimer is observed at 117 amu.

For the AAs, the relationship between the amount of
acetone introduced into the trap as a pure reagent gas and
the amount of protonated serine (SerH+) detected is pre-
sented in Fig. 3. A significant amount of SerH+ is not de-
tected until *2 · 10-6 torr (*3 · 10-6 mbar) of acetone has
been introduced into the trap, which likely indicates a shift
from EI- to CI-dominated ionization. The counts continue to
increase with the pressure until *2 · 10-5 torr, where there
is a drastic decrease in signal intensity. A pressure of
1 · 10-5 torr yields the maximum counts and corresponds to
a factor of 5.5 increase in signal compared with an acetone
pressure of 2 · 10-7 torr. The sudden loss of counts is likely
the result of increased collisions with neutral acetone in the
trap (Nikolić et al., 2015). These trends are expected to
apply to all samples, including FAs.

Figure 4 presents the mass spectra of a mixture of five
AAs produced from EI (top) and acetone CI (middle). The
MS/MS mass spectrum of protonated methionine (150 amu)
is presented in the bottom panel of Fig. 4. The AA solvent is
mostly water with some acetone (1%/vol), and as such, the
CI reagent is introduced as a dopant in the sample solution
rather than as a gas as it was with LA. The protonated AA
peaks are labeled with their m/z’s and color-coded (see
Fig. 4 for more details). A CI spectrum with all major peaks
labeled with m/z’s can be found in Supplementary Fig. S4,
and Table 2 contains the protonated parent and ammonia-
and formic acid-loss fragment masses.

As with LA, the low mass region of the EI mass spectrum
is heavily congested, and the AA parent peaks have little to
no intensity. Due to the congestion in the low-mass region,
it is difficult to deconvolute the various AA fragments. A
comparison of the EI mass spectrum and a compilation of

FIG. 3. Amount of SerH+ detected as a function of ace-
tone pressure. The counts increase and reach a maximum
at *1 · 10-5 torr (*1 · 10-5 mbar), above which there is a
sharp decrease in signal. SerH+, protonated serine.
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EI mass spectra for the AAs from NIST can be found in
Supplementary Fig. S5. Overall, there is good qualitative
agreement between the two EI mass spectra.

On the other hand, the CI mass spectrum is easily inter-
preted. All of the peaks can be readily assigned, and pro-
tonated AA peaks are more intense than their fragments. As
seen earlier, protonated acetone (59 amu) is the most intense
feature of the CI mass spectrum, and its dimer (117 amu)
and fragment (43 amu) are also observed. Peaks consistent
with formic acid loss from all AAs are observed and labeled
with daggers ({). Only methionine definitively undergoes
ammonia-loss as evidenced by the 133 amu feature. It is
possible glycine also loses an ammonia; however, unam-
biguous assignment is not possible due to a mass degeneracy
with protonated acetone (59 amu).

The MS/MS spectrum (Fig. 4 bottom) is less congested
than either the EI or CI mass spectra. A protonated methio-
nine peak (150 amu) is observed in addition to ammonia- and
formic acid-loss fragments (133 and 104 amu, respectively).
The MS/MS spectrum can be used as a ‘‘fingerprint’’ for
more specific identification in the AA mixture CI mass
spectrum. Note that water was used as the collision gas,
which is directly relevant to measurements taken in an
excess-water environment, such as one would expect on an
Ocean World.

4. Discussion

The mass spectra of an FA, LA, and several AAs have been
collected by introducing a liquid sample directly into a

FIG. 4. Mass spectra of an amino acid mixture produced by EI (top), acetone CI (middle), and MS/MS of protonated
methionine (bottom). The amino acids are color coded and labeled with their m/z ratios. Glycine and its fragments are
labeled in red, alanine in orange, serine in green, methionine in blue, and phenylalanine in purple. Fragments corresponding
to ammonia and formic acid loss are labeled with an asterisk (*) and dagger ({), respectively. Relevant m/z’s can be found in
Table 2. Note that some peaks have been truncated as indicated by a dashed line. MS/MS, tandem mass spectrometry.

AMINO AND FATTY ACID IN SITU MEASUREMENTS 7

D
ow

nl
oa

de
d 

by
 P

E
N

N
 S

T
A

T
E

 M
U

L
T

IS
IT

E
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

7/
30

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



quadrupole ion trap. Two ionization techniques, EI and CI, are
compared by the ease with which their mass spectra can be
assigned. Generally, EI spectra are complicated with many
peaks (particularly in the 20–100 amu range), as this method
produces many fragments. The EI spectra of LA (Fig. 2A) and
the AA mixture (Fig. 4 top panel) demonstrate this low-mass
congestion, although almost every peak in the LA sample and
the sample containing five AAs can be identified in the EI
mass spectra (see Supplementary Figs. S2 and S5 for more
detail). Samples with more molecules will generate increas-
ingly congested low-mass regions when utilizing EI. If a
technique is to be able to assign m/z ratios to molecular spe-
cies, it is imperative to obtain ‘‘cleaner’’ mass spectra or
employ other methods to assign their masses.

CI is generally considered a softer ionization technique
than EI, but it can still yield spectra congested with many
fragments. Three different CI reagents were tested to dem-
onstrate ‘‘harder’’ and ‘‘softer’’ CI: water, acetonitrile, and
acetone. The gas-phase PAs of each CI reagent and of LA
and the AAs are listed in Table 1. The ordering of gas-phase
PAs is thus: water < acetonitrile < acetone. The PA of LA is
not known, as is the case with most of the FAs (Rumble,
2018). Regardless of the PA of LA, the CI energy ordering
is water > acetonitrile > acetone.

The result of lowering theDPA is cleaner mass spectra, with
acetone yielding the fewest fragments by m/z. This is exem-
plified in Fig. 2B–D. In Fig. 2D, both LA+� and LAH+ are
observed in the acetone CI mass spectrum, which likely results
from collisions of LAH+ with neutral gases in the trap to form
LA+�. Figure 3 shows that introducing acetone into the trap is
beneficial (i.e., increases the sample counts), but only to a
maximum trap pressure of *2 · 10-5 torr (*3 · 10-5 mbar)
where a sharp decrease in ion counts is observed.

Although acetone, a common CI reagent, was used here,
another molecule with a similar PA could be used instead. In
fact, a molecule with a lower molecular weight and similar PA is
advantageous as collisions with heavier reagent gases can in-
duce fragmentation and/or cause ions to be lost from the trap. An

example of a lighter molecule with a similar PA is cyclopropane
with a molecular weight of 40 amu and a PA of 818.5 kJ$mol-1.
AA CI could be softened further by choosing a reagent with a
PA closer to glycine (886.5 kJ$mol-1), such as ammonia (17
amu; 853.6 kJ$mol-1) and chloromethylene (48 amu; 874.1
kJ$mol-1), though these would be unable to ionize the FAs.

Measurements of the cosmic dust analyzer (CDA) instru-
ment aboard the Cassini spacecraft have observed hydrated
hydronium (H3O+(H2O)n) and hydrated sodium (Na+(H2O)n)
clusters in Saturn’s E ring and Enceladus’ plumes (Hillier
et al., 2007; Postberg et al., 2008, 2011). However, H3O+ was
only observed in the water CI mass spectrum. The absence of
peaks at 37, 55, 73, and 91 amu indicates that H3O+(H2O)n

clusters are not formed during our experiments (See Sup-
plementary Fig. S3 for more details).

H3O+ is not observed in the other CI mass spectra because
all of the hydronium formed is deprotonated by the CI re-
agent (i.e., acetonitrile or acetone). Hydronium is observed
in the water CI mass spectrum because water is continuously
introduced into the QITMS. However, even in this case,
H3O+(H2O)n clusters are not observed, which indicates that
the QITMS operating settings are not conducive to water
cluster formation.

Searching for biosignatures in an excess water environment
presents several challenges. First, water CI yields mass spectra
with many fragments, but the addition of a higher PA CI re-
agent, such as acetone, yields little fragmentation and/or intense
protonated parent ions. Introducing a small amount of second-
ary CI reagent works only if the second reagent has a higher PA
than water. In a flight-like scenario, one might consider intro-
ducing the vapor from a reservoir containing a water-acetone
mixture that is isolated by a microvalve to soften ionization and
obtain cleaner mass spectra. Introducing a vapor from a reser-
voir through a microvalve has flight heritage and was used to
introduce calibrant gasses (Darrach et al., 2011; Madzunkov
et al., 2018). Further, introducing water into the QITMS for
sample analysis will help mitigate the effects of fluctuations in
water pressure that one would expect while sampling En-
celadus’ plumes.

Since it is not necessarily the case that the best CI reagent
for FAs is the same for AAs, including a second CI reagent-
water reservoir for AAs on an in situ instrument could yield
less AA parent ion fragmentation. The CI reagent for FAs will
be capable of ionizing both the FAs and AAs present in the
sample, whereas the AA CI reagent will only be able to ionize
the AAs present. A flight instrument with two CI reagents
might, therefore, include two reservoirs (one with an AA
CI reagent-water mixture, the other with an FA CI reagent-
water mixture) that are isolated with microvalves. Both res-
ervoirs could be isolated from the QITMS, or one microvalve
at a time could be opened to introduce either the AA or the
FA CI reagent into the QITMS.

The ability to isolate one m/z and conduct MS/MS ex-
periments is another advantage of the QITMS. The bottom
panel of Fig. 4 exemplifies how MS/MS can aid in the in-
terpretation of a mass spectrum containing multiple che-
mical compounds. By isolating a single m/z and fragmenting
it, one obtains a fragmentation fingerprint and can pinpoint
which of the peaks in the full MS are fragments of the
original m/z. A library of biomarker fingerprints can be built
to enable the assignment of even more complicated mix-
tures. Perhaps most importantly, it has been shown that

Table 2. Protonated Amino Acid Masses and

Ammonia- and Formic Acid-Loss Fragment Masses

Amino acid Mass (amu) Observed

GlycineH+ 76 Y
-NH3 59 M
-HCOOH 30 Y

AlanineH+ 90 Y
-NH3 73 N
-HCOOH 44 Y

SerineH+ 106 Y
-NH3 89 N
-HCOOH 60 Y

MethionineH+ 150 Y
-NH3 133 Y
-HCOOH 104 Y

PhenylalanineH+ 166 Y
-NH3 149 M
-HCOOH 120 Y

The species observed in the chemical ionization mass spectrum in
Figure 4 are indicated. M = maybe; N = no; Y = yes.
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water, a species abundant on an Ocean World, can be used
as a collision gas for MS/MS experiments.

The resolution of the QITMS [m/Dm(FWHM)] operating
in boundary ejection mode is 750 at 320 amu and is 4000 at
64 amu for resonant ejection mode (Darrach et al., 2015),
which indicates that we can easily resolve masses that differ
by 1 amu. However, this resolution is not sufficient to re-
solve masses that differ by less than 1 amu. Further, the
ability to determine whether there are constitutional isomers
(i.e., molecules that have the same chemical formula but
different connectivity) cannot be resolved by increasing the
m/Dm. In these cases, MS/MS is a useful tool to identify
isomers, as it might be possible to determine whether there
are multiple species with the same m/z ratio (or m/z ratios
that lie within 1 amu) by studying fragmentation patterns.

In theory, different structural isomers could fragment in
unique ways. A fragmentation pattern that contains addi-
tional peaks or discrepancies in fragment intensities could
indicate the presence of one or more isomers. For example,
glycine (NH2-CH2-COOH) is known to lose COOH and
NH2CH3 fragments, whereas acetohydroxamic acid (OH-NH-
COCH3) is known to produce H2O- and HONH-loss frag-
ments. In addition, we can build a fragmentation library for
molecules that do not have known fragmentation patterns. A
future study is planned to conduct MS/MS on a sample with
an AA and multiple structural isomers, with the ultimate goal
of quantifying the amount(s) of amino acid(s) and isomers
present. The simplest AA, glycine, has 7 constitutional iso-
mers and 98 molecules (either neutral or charged) have mo-
lecular weights between 74.5 and 75.5 amu. The number of
isomers will increase nonlinearly as the AA/molecule grows
in complexity. A method allowing for the disambiguation of a
target molecule and its isomers is of great importance.

Several aspects of the experiments detailed here are directly
applicable to an Ocean World mission wherein ice grains are
sampled from a cryovolcanic plume. Of particular relevance is
the soft CI ionization method and the introduction of a water/
acetone mixture from a reservoir. On such a mission, an ice
grain traveling at <5 km/s would strike the QITMS, resulting in
the volatilization or impact ionization of compounds en-
sconced in the ice grain. Volatilized molecules can then be
ionized by acetone CI and detected as described in this article.

Ions produced from impact ionization could also be detected
by the MS, but further design considerations and lab testing
would be necessary to ensure it. Generally, externally gener-
ated ions require additional ion guiding elements and a colli-
sion gas to be introduced into the QITMS for efficient trapping
(McLuckey et al., 1994; Gross, 2011; Kamrath et al., 2011).

Molecular dissociation has been found to be unfavorable
for hypervelocity impacts of bare hydrocarbons on a TiO2

surface below 5 km/s ( Jaramillo-Botero et al., 2012). Further,
dissociative adsorption and scattering processes do not be-
come favorable until *6 km/s. Therefore, impacts of <5 km/s
are predicted to only produce vibrationally and translationally
excited molecules after impact. In the 2012 study by Jaramillo-
Botero et al., they assumed that there were no collisions with
background gas molecules after impact. The results of
Jaramillo-Botero et al. have been used to inform the analysis
of ion and neutral mass spectrometer (INMS) data (Waite
et al., 2005, 2009).

It is reasonable to expect that the speed at which dissoci-
ation becomes favorable will be extended to higher speeds

as the molecule is surrounded by more and more molecules
(e.g., if it is ensconced in an ice grain). Further, collisions
with a background gas will collisionally cool the vibrationally
excited molecules, thus reducing fragmentation arising from
predissociation. It is plausible that the CI reagent vapor can
also act as the collision gas.

Molecules in the ice grain that undergo impact ionization (II)
will fragment to varying degrees depending on the amount of
energy imparted to the ion. As with CI, II can be classified as
‘‘hard’’ or ‘‘soft.’’ Generally, more energy imparted to a mol-
ecule will result in more fragmentation. Increasing the pressure
in the trap by introducing vapor from a water/acetone reservoir
as demonstrated here can help reduce the fragmentation of vi-
brationally excited organic species via collisional cooling while
having the simultaneous benefits of introducing a soft CI re-
agent and minimizing pressure fluctuations in the trap, which
will inevitably occur during ice grain sampling.

The experiments presented here represent CI of volatilized
compounds and MS/MS analysis on molecules that undergo
soft II during ice grain sampling (i.e., molecules with impact
velocities <5 km/s). The sampling and analysis of ions created
by II is a topic that has already been explored (Postberg et al.,
2009, 2018), and an instrument focusing on this regime, the
surface dust analyzer (SUDA), has been selected for the
Europa Clipper mission (Kempf et al., 2014).

There are many mass spectrometers with flight heritage that
have been selected for flight missions. They utilize a variety
of ionization techniques and have differing mass ranges,
resolutions, sensitivities, weights, and power requirements.
Table 3 compares some characteristics of six flight heritage/
flight-selected mass spectrometers and the QITMS. There are
many mass spectrometer characteristics of importance when
determining which instrument is best for a mission, and each
mass spectrometer has its strong suits and drawbacks.

The QITMS, similar to many other mass spectrometers
listed here, utilizes EI. The resolution of the QITMS (750 for
boundary ejection; 4000 for resonant ejection) is sufficiently
high to confidently identify ions that differ by 1+ amu across
the entire mass range. The QITMS has modest power re-
quirements and is one of the lightest mass spectrometers
currently developed. The ionization method presented here
extends the capabilities of the QITMS to include the ability to
use CI, which enables MS/MS and eases (and in some cases,
enables) mass spectral analysis.

The identity of a chemical species can impose constraints
on the technique presented here. In these studies, neutral
molecules are introduced into the QITMS and are chemically
ionized after they evaporate. However, it is possible for ions
generated from neutral molecules on hypervelocity impact to
be analyzed by the QITMS. Further, depending on the space
environment, one might expect to sample ions, organics
chelated with transition metals, or molecules with salty
counter ions. The QITMS itself is independent with respect
to the nature of the molecular or complexed species so long
as it is in the gas phase (see the final Discussion paragraph
for more on the QITMS sensitivity). However, some con-
sideration is needed to ensure that ions created as a result of
hypervelocity impact are efficiently trapped in the QITMS.

If the analyte molecule’s PA is lower than the CI reagent’s
PA, those molecules will not be ionized via CI. This is one of
the biggest drawbacks to CI, although explorations of Ocean
Worlds mean that water will almost certainly be present, which
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has a fairly low PA, making it likely that we will be able to
chemically ionize most of the chemical species present. How-
ever, a CI reagent must be chosen with care, as a reagent with a
PA that is too low will cause fragmentation and a PA that is too
high will not result in ionization.

Thus, the CI reagent needs to be ‘‘fine tuned’’ based on
the target molecule of interest. Another drawback to our CI
technique is that we use acetone as a CI reagent. Acetone and
acetonitrile are known to be present in interstellar ice (or their
analogues) (Snyder et al., 2002; Belloche et al., 2008a,
2008b), thus introducing uncertainty whether these molecules
are present at the target. Even though CI is the ionization
method of choice, EI can still be conducted, which will re-
duce the uncertainty associated with the presence of these
molecules.

The technique described here was intended to do several
things: (1) determine whether CI is possible in the QITMS,
(2) determine whether CI sufficiently softens ionization so
MS/MS can be conducted, and (3) determine whether water
(a molecule with great abundance on an Ocean World) can
be used as a collision gas in MS/MS. The technique as
described here is intended to provide a qualitative analysis
of a sample. The sensitivity of the QITMS is *1013 counts/
torr/s (Avice et al., 2019); however, that is for atomic
species that do not fragment (i.e., Kr, Xe) and that are
already in the gas phase and ionized by EI. In this study,
volatility of a molecule depends on its vapor pressure,
which limits how many molecules we transfer to the gas
phase. The sensitivity is also connected to fragmentation.
As fragmentation and the number of fragments increases,
the sensitivity is reduced.

The sensitivity of this technique toward AAs and FAs is
anticipated to be roughly equal. Future studies will focus on
exploring ways to quantize the organics present and on probing
the sensitivity of the QITMS by using this technique (i.e., con-
ditions where a small fraction of molecules are disproportionally
transferred into the gas phase and ionized by CI).

If this technique is to be used to identify biomarkers,
quantization is a necessity as the comparison of the relative
abundances of both AAs and FAs is required to differentiate
between molecules produced from abiotic and biotic sour-
ces. Other future studies will explore the possibility of im-
pact vaporization followed by CI in the QITMS with a new
instrument that is currently under construction.

An MS-based instrument sent to investigate the plume of
an Ocean World can be broken down into three main ex-
perimental steps: sampling, ionizing, and mass analysis. The
soft CI technique reported here addresses the ionizing and,
to some degree, the mass analysis aspects of this potential
instrument. AA and FA ionization has been softened, thus
reducing the complexity of the mass spectrum and enabling
MS/MS.

Additional experiments exploring impact volatiliza-
tion would probe the sampling aspect of the instrument. A
laboratory-based instrument is currently being constructed
and characterized that can generate hypervelocity ice grains
doped with organics of interest. These ice grains will be
collided with the QITMS, ionized with soft CI, and finally
mass analyzed. By coupling together an instrument that
generates hypervelocity ice grains and the QITMS, the per-
formance of the QITMS to ionize and analyze impact va-
porized molecules can be characterized. This would build a

Table 3. Comparison of Mass Spectrometers with Flight Heritage or That Have Been Selected

for a Mission and the Jet Propulsion Laboratory Quadrupole Ion Trap Mass Spectrometer

Instrument
Ionization

type MS type
Mass range

(amu)
Resolution

(m/Dm) Sensitivity
Weight

(kg)/power (W)

CDAa II TOF 1–200* 20–50 104 counts/s 17/12
SUDAb II TOF 1–250 200–250 — 5/–
INMSc EI QMA 1–99 100 @ 99 10-3 (counts$s-1)/(particle$cm-3) 10/23
MASPEXd EI TOF 1–1500 25,000 @ 150;

65 bounces
0.02 (counts$s-1)/(particle$cm-3) 8/50

SAM QMSe EI QMA 2–535 <1 U 10-3 (counts$s-1)/(particle$cm-3) 20/25
MOMAf EI/LD LIT 50–500/ £1 U 10 ppb 12/82

50–1000 £2 U 12/65
QITMSg EI Paul trap 10–300 750 @ 320 1013 counts/torr/s{ 9.5/35

4000 @ 64**

Note that the QITMS is not packaged or optimized for a flight mission. The QITMS metrics are based on the Spacecraft Atmosphere
Monitoring technology demonstration instrument that is set to be launched to the International Space Station in 2019.

*Up to 8000 amu in extended mode with m/Dm <20.
**Based on laboratory measurements on a testbed (i.e., nonflight) instrument.
{Based on laboratory measurements on a testbed (i.e., nonflight) instrument with an atomic species.
aSrama et al. (2004).
bKempf et al. (2014).
cWaite et al. (2004).
dBrockwell et al. (2016).
eMahaffy et al. (2011, 2012).
fGoesmann et al. (2017).
gMadzunkov et al. (2018).
CDA = cosmic dust analyzer; EI = electron impact ionization; II = impact ionization; INMS = ion and neutral mass spectrometer; LD, laser

desorption; LIT, linear ion trap; MASPEX = mass spectrometer for planetary exploration; MOMA = Mars organic molecule analyzer;
QITMS = quadrupole ion trap mass spectrometer; QMA, quadrupole mass analyzer; SAM QMS = surface analysis at Mars quadrupole mass
spectrometer; SUDA = surface dust analyzer; TOF, time-of-flight.
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strong case for a flight instrument that could search for or-
ganics in the plume of an Ocean World.

5. Conclusions

The mass spectra of an FA and a mixture of AAs, bio-
markers of particular interest in the search for extraterrestrial
life, were collected with a miniature QITMS developed at
JPL. A liquid sample was directly introduced into the QITMS,
which successfully transferred FAs and AAs into the gas
phase for ionization and detection. Two ionization techniques,
electron impact and CI, were compared, and CI with a high
PA reagent (here acetone) was found to produce the cleanest
mass spectra. Further, in environments with excess water, it is
imperative to introduce a second CI reagent to reduce sample
fragmentation, particularly of compounds with high PAs.
Acetone was found to produce the fewest fragments for both
LA and the AAs, whereas another CI reagent with a lower
mass but similar PA should yield even fewer fragments.

The combination of direct sample introduction and acetone
CI can produce enough ions to undergo MS/MS with water from
the sample solution as the collision gas. MS/MS spectra aid in
assigning the full range mass spectrum by yielding a fragmen-
tation ‘‘fingerprint.’’ Using water evaporated from the sample as
the collision gas is particularly relevant for measurements on
Ocean Worlds given the preponderance of water. Further, in-
troducing a water-CI reagent mixture on a mission to an Ocean
World is likely to reduce the effects of water pressure fluctua-
tions that one expects while passing through a cryogenic plume.

Future studies are planned based on the results of these
experiments. Studies focused on obtaining quantitative in-
formation about the organics present and to directly probe
the sensitivity of this technique are currently underway.
Additional experiments exploring impact volatilization fol-
lowed by CI are also planned, and a laboratory-based in-
strument is currently being constructed that will enable these
experiments to be conducted.
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Postberg, F., and Souček, O. (2017) Powering prolonged hy-
drothermal activity inside Enceladus. Nat Astron 1:841–847.

Creamer, J.S., Mora, M.F., and Willis, P.A. (2017) Enhanced
resolution of chiral amino acids with capillary electrophoresis
for biosignature detection in extraterrestrial samples. Anal
Chem 89:1329–1337.

Darrach, M.R., Chutjian, A., Bornstein, B.J., Croonquist, A.P.,
Garkanian, V., Haemmerle, V.R., Heinrichs, W.M., Karmon, D.,
Kenny, J., and Kidd, R.D. (2010) Validation test results from the
vehicle cabin atmosphere monitor. In 40th Internation Conference
on Environmental Systems. July 11–15; Barcelona, Spain.

Darrach, M.R., Chutjian, A., Bornstein, B.J., Croonquist, A.P.,
Garkanian, V., Haemmerle, V.R., Heinrichs, W.M., Hofman,
J., Karmon, D., Kenny, J., Kidd, R., Lee, S., MacAskill, J.A.,
Madzunkov, S., Mandrake, L., Schaefer, R., Rust, T., Tho-
mas, J., and Toomarian, N. (2011) On-orbit measurements of
the ISS atmosphere by the vehicle cabin atmosphere monitor.
In 41st International Conferene on Enironmental Systems.
July 17–21; Portland, OR.

Darrach, M., Madzunkov, S., Schaefer, R., Nikolić, D., Simcic,
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Abbreviations Used

AA¼ amino acid
Ala¼ alanine

CDA¼ cosmic dust analyzer
CI¼ chemical ionization

CI-MS¼ chemical ionization mass spectrometry
EI¼ electron impact ionization

EI-MS¼ electron impact ionization mass spectrometry
FA¼ fatty acid
Gly¼ glycine
ID¼ inner diameter
II¼ impact ionization

INMS¼ ion and neutral mass spectrometer
JPL¼ Jet Propulsion Lab
LA¼ lauric acid

LAH+¼ protonated lauric acid
m/z¼mass-to-charge

MASPEX¼Mass Spectrometer for Planetary Exploration
Met¼methionine

MOMA¼Mars Organic Molecule Analyzer
MS/MS¼Mass Spectrometry/Mass Spectrometry

(aka tandem MS)
NIST¼National Institute for Standards

and Technology
OD¼ outer diameter
PA¼ proton affinity

Phe¼ phenylalanine
QITMS¼Quadrupole Ion Trap Mass Spectrometer

RF¼ radio frequency
S.A.M¼Spacecraft Atmosphere Monitor

SAM QMS¼Surface Analysis at Mars Quadrupole
Mass Spectrometer

Ser¼ serine
SerH+¼ protonated serine
SUDA¼Surface Dust Analyzer

VCAM¼Vehicle Cabin Atmosphere Monitor
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