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Abstract So far no designated mission to either of the two ice giants, Uranus
and Neptune, exists. Almost all of our gathered information on these plan-
ets comes from remote sensing. In recent years, NASA and ESA have started
planing for future mission to Uranus and Neptune, with both agencies focus-
ing their attention on orbiters and atmospheric probes. Whereas information
provided by remote sensing is undoubtedly highly valuable, remote sensing
of a planetary atmospheres also presents some shortcomings, most of which
can be overcome by mass spectrometers. In most studies presented to date a
mass spectrometer experiment is thus a favored science instrument for in situ
composition measurements on an atmospheric probe. Mass spectrometric mea-
surements can provide unique scientific data, i.e., sensitive and quantitative
measurements of the chemical composition of the atmosphere, including iso-
topic, elemental, and molecular abundances. In this review paper we present
the technical aspects of mass spectrometry relevant to atmospheric probes.
This includes the individual components that make up mass spectrometers
and possible implementation choices for each of these components. We then
give an overview of mass spectrometers that were sent to space with the intent
of probing planetary atmospheres, and discuss three instruments, the heritage
of which is especially relevant to Uranus and Neptune probes, in detail. The
main part of this paper presents the current state-of-art in mass spectrom-
etry intended for atmospheric probe. Finally, we present a possible descent
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probe implementation in detail, including measurement phases and associated
expected accuracies for selected species.

Keywords Descent probe · Instrumentation · Atmosphere · Uranus ·
Neptune · Mass spectrometry

1 Introduction

The outer planets Jupiter, Saturn, Uranus, and Neptune were key players dur-
ing the formation and evolution of our Solar System. They contain over 99.5%
of the planetary mass and most of the angular momentum of our Solar System.
Having been formed from the same material that constitutes the proto-Sun
and the surrounding proto-planetary disk, their chemical composition gives
valuable insight into the formation and evolution history of our Solar System
(e.g., [61] and references therein).

Direct access to the bulk composition of the giant planets is impossible,
though. Instead, their bulk compositions have to be deduced from the planets’
mean densities and their gravity fields, from the abundances of the atmospheric
constituents, assisted by modeling efforts. Species that hold key information
on the formation and evolution process of our Solar System include the ma-
jor volatiles CH4, CO, NH3, N2; the noble gases He, Ne, Ar, Kr, Xe; and
the isotopic ratios D/H, 13C/12C, 15N/14N, 3He/4He, 20Ne/22Ne, 38Ar/36Ar,
36Ar/40Ar, as well as those of Kr and Xe, e.g., [61,2,3,18,93]. Some of these
species, e.g. the noble gases, are only present in extremely small quantities in
the atmosphere, though. To make matters worse, their abundance has to be
determined with extremely high accuracy (on the 1% level and even better
for the noble gases). Aggravating this situation is the fact many species are
locked away in a condensed phase beneath clouds and haze layers, necessitat-
ing the capability to measure them locally. Moreover, noble gases can only be
measured in situ.

Instruments designed to probe atmospheric samples accordingly have to
fulfill a wide variety of requirements. From an analytical performance point
of view they have to maximize sensitivity, selectivity, throughput, precision,
and accuracy, and minimize cycle times. Due to logistical constraints the in-
struments also have to be as small, light, and energy-efficient as possible. In
addition, such instruments have to withstand harsh environments (including
damaging radiation and corrosive effects), large variations in temperature and
pressure, and high G-forces, micro-gravity conditions, as well as high shocks
and vibrations (during take-off and atmosphere entry). Finally, their inaccessi-
bility once launched necessitates highly reliable operation, advanced automa-
tion, and redundancy.

Atmospheric probing with mass spectrometers offers a solution to many
of the challenges mentioned above. Mass spectrometers sample atmospheric
species in situ with high sensitivity, dynamic range, resolution, and accuracy,
providing the capability of identifying atmospheric constituents across a wide
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range of masses and concentrations. Today’s state-of-the-art mass spectrom-
eters often fall into one of two categories: stand-alone high-resolution mass
spectrometers and low-resolution mass spectrometers coupled with additional
subsystems. Novel high-resolution mass spectrometers actually used in space
reach mass resolutions, m/∆m, of up to 9,000 [6,86]. Laboratory prototype
mass spectrometers developed for space research reach mass resolutions up
to several 100,000, e.g., [5,15,16,21,37,38,48,53,73,74,96]. Such instruments
are capable of determining isotopic ratios at the 1% accuracy level, though
at the expense of mass range. These instruments are quite complex in opera-
tion, though, and they are large, heavy and power-consuming. Low resolution
mass spectrometers are simpler, smaller, lighter, and consume less power than
their high-resolution counterparts, but have to be coupled with additional
subsystems (e.g., for chemical pre-separation to be discussed below) to avoid
isobaric interferences in the mass spectra, e.g., [51,63–68]. Isobaric interfer-
ences are caused by species having the same nominal mass, but differ slightly
in their actual mass, thus they can only be separated if the mass resolution is
sufficiently high. For example separating CO from N2, both having nominal
mass of 28, needs a mass resolution of about 3000 to actually separate them
in a mass spectrum.

In this paper we give an overview over mass spectrometry dealing with
gaseous samples (Section 2), give a short introduction into the history of at-
mospheric mass spectrometers flown during past space missions (Section 3),
present three mass spectrometers with particularly impactful heritage for pos-
sible future descent probe missions (Section 4), talk about the current state-of-
art of atmospheric mass spectrometers suitable for space missions (Section 5),
and finally present a possible descent probe mass spectrometer implementation
(Section 6).

2 Mass Spectrometry

Mass spectrometry is an analytical technique that identifies and quantifies the
atoms and molecules present in a given sample. The mass spectrometer itself
is part of a larger system that also contains a sample introduction system,
a sample preparation system, an elaborate vacuum system, and associated
electronics and computer. In the following we will limit the discussion to mass
spectrometer systems that deal with gaseous samples, i.e., systems that will
have relevance for an atmospheric probe.

The sample introduction system ensures that the mass spectrometer’s high
vacuum requirements are met by only admitting gas at a suitable pressure. For
atmospheric probes this is often accomplished through either direct inlets (for
rarefied atmospheres) or through glass capillaries (for denser atmospheres).
The sample preparation system’s task is to remove unwanted elements and to
enrich trace elements, to meet the scientific requirements as best as possible.
The vacuum system contains valves for controlling the gas flow, pumps for
maintaining vacuum conditions, chemical getters for removing selected species,
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Fig. 1 Schematic diagram of the Galileo probe mass spectrometer system. The sample
introduction system is highlighted in green, the sample preparation system is highlighted in
yellow, the vacuum system is highlighted in red, and the mass spectrometer is highlighted
in blue. After [65].

temperature and pressure sensors for monitoring environmental conditions,
and tubing for gas flow passage. Finally, associated electronics and computer
are required to operate and control the instrument, for data acquisition and
for data processing.

Figure 1 shows a highlighted schematic of the Galileo probe mass spectrom-
eter as an example of a mass spectrometer system. In this figure, the introduc-
tion system is highlighted in green and consists of two fully self-contained inlets
all the way to their exhausts. Each of the inlets was designed for a specific pres-
sure range, and were accordingly operated in sequence during the descent. The
sample preparation system, consisting of two enrichment cells, one designed to
enrich heavy noble gases and one designed to enrich complex hydrocarbons,
is highlighted in yellow. The vacuum system with its valves, pumps, getters
and sensors is highlighted in red. Finally, the actual mass spectrometer is
highlighted in blue.

The mass spectrometer itself consists of four main components that are
responsible for (i) converting the sample into gaseous ions, for (ii) separating
the ions according to their mass-to-charge ratio, m/z, for (iii) recording the
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separated ions, and (iv) a suitable vacuum environment for the mass spec-
trometer. Moreover, often some additional subsystems are added to increase
the performance of the mass spectrometer system. For example, getters, chem-
ical and cryogenic enrichment cells, or gas-chromatography are useful in this
respect. Getters can be used to filter out certain reactive species, and are de-
scribed in Section 2.4.1. To separate or eliminate isobaric interferences, mainly
two techniques have asserted themselves in the past couple of years. These
two techniques, chemical and cryogenic enrichment, are described in Subsec-
tions 2.4.2 and 2.4.3. Finally, low-resolution mass spectrometers can be cou-
pled with other instrumental analysis techniques, e.g., gas chromatography
(see Subsection 2.4.5), sample cleaning (see Subsection 2.4.1), and enrichment
cells (see Subsection 2.4.2).

2.1 Ion source

The ion source is responsible for ionizing the neutral atoms and molecules
that comprise the sample to be analyzed since mass spectrometric separation
is always for ionized species. The efficiency and quality of this step is crucial
for the performance of the mass spectrometer. Only if a sufficiently large frac-
tion of the particles are ionized can atoms and molecules that are very rare in
the given sample be detected. In addition, only if the degree of ionization is
known from calibration, and the ionization is stable over the operation time
of the instrument, it is possible to quantify the relative abundances as well
as the absolute densities of the different species. Most mass spectrometers de-
signed for space application use electron ionization providing positive ions for
analysis, in particular for gaseous samples, due to the method’s simplicity and
robustness. Electron ionization is a technique that dates back to the 1940s [69].
However, electron ionization is a ‘hard ionization’ technique that introduces
a large degree of fragmentation of complex molecules, which effectively limits
the mass range of such instruments.

Other ionization methods are also emerging, one example of which is laser
ionization in combination with laser ablation or laser desorption used for solid
samples [80,82]. In addition, the recent desire to look for large organic com-
pounds, especially in the context of biological matter, has shifted interest
towards ‘soft ionization’ techniques, e.g., laser desorption [28,81,59,45,46],
laser post-ionization [26], and chemical ionization [100], which introduce less
fragmentation than electron ionization. Some of these new instrument devel-
opments use high resolution mass analyzers [15,91].

2.2 Mass analyzer

The mass analyzer separates the gaseous ions according to their mass-to-charge
ratio (m/z). Mass separation can occur in a number of different ways, with the
underlying operating principle giving the mass spectrometer class its name.
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In the past 50 years, four classes of mass spectrometers have been used for
the measurement of gaseous atmospheres in space: magnetic sector mass spec-
trometers, e.g., [7,85,58], quadrupole mass spectrometers [22,55, e.g.], ion trap
mass spectrometers [103,28], and time-of-flight mass spectrometers [40,6,86].
Recently, also orbitrap mass spectrometers have been proposed for space ap-
plication [15,91].

Magnetic sector instruments introduce ions into a flight tube with a
fixed bending radius and a variable magnetic field oriented perpendicular to
the radial path. According to Newton’s second law and the Lorentz force law,
for a given field strength and a given radius, only ions with a certain m/z value
can pass through the analyzer section and reach the detector system [10]. All
other ions travel on trajectories intersecting with the tube walls, prohibit-
ing them from reaching the detector system. Varying the applied magnetic
field strength, or the ion energy, allows successive registration of ions with
different m/z values. To collect an entire mass spectrum a scan has to be
performed, which makes magnetic sector instrument slow in collecting mass
spectra. Moreover, the magnet limits the largest mass that can be measured
by such an instrument. Simple magnetic sector instruments have low mass res-
olution. Only the combination of the magnetic sector with an electric sector,
the so called double focusing instruments, allows for high mass resolution.

Quadrupole mass analyzers separate ions by guiding them through an
electric quadrupole field, created by applying a radio frequency and a di-
rect current voltage signal to four cylindrical or hyperbolic rod electrodes,
positioned parallel and equidistantly from a central axis extending in the z-
direction [22]. Similar to magnetic mass spectrometers, for a certain voltage
setting only ions with a certain m/z value can pass through the quadrupole
field in a stable manner to reach the detector. Other ions have unstable trajec-
tories and will collide with the electrodes, never reaching the detector. Typi-
cally, quadrupole mass spectrometers have unit mass resolution, i.e., they can
separate each integer mass from the next one. Moreover, since the needed high
voltages for the rod system scale with mass number, there is a limit in maxi-
mum m/z of such an instrument. Again, a full mass spectrum is obtained by
successively scanning across the desired range of m/z values, and the resulting
duty cycle has a direct effect on the sensitivity of the instrument.

Ion trap mass spectrometers encompass both two-dimensional (linear) and
three-dimensional (quadrupole and cylindrical) ion trap mass spectrometers.
They all operate on the basis of ions being confined by direct current and
radio frequency electric fields in so-called ‘ion traps’ [55]. Trapped ions can be
sequentially ejected from the trap as a function of their m/z values to record
a mass spectrum. This function can also be used clean the ion sample in the
trap or enrich the sample in certain ions of choice from a gas sample collected
in the ion trap. This capability allows for a certain level of pre-selection and
preparation of a sample in the ion trap, which is also known as tandem mass
spectrometry. Since a typical ion trap has a maximum capacity of about 105 to
106 ions it can store [55], there are limits to this pre-selection and preparation
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of a sample when it comes to trace species at the ppm-level, and associated
isotopes.

Time-of-flight mass spectrometers operate on the principle that ions with
the same kinetic energy are dispersed in time during their flight in a long field-
free drift tube due to their different m/z values (i.e., ions with smaller m/z
values will arrive earlier at the detector than ions with higher m/z values)
[20]. The different arrival times of different ions thus give their m/z values.
Unlike other mass spectrometer classes, time-of-flight mass spectrometers do
not need to scan across a mass range to obtain a complete mass spectrum,
but rather obtain it ‘in one go’. They also stand out by theoretically not being
limited in mass range. In practice, the mass range is limited solely by the size
of the signal accumulation memory.

Orbitrap mass spectrometers, which are a novel version of the Fourier
transform mass spectrometer, were recently introduced [53,38], and were pro-
posed for space flight [15]. The orbitrap mass spectrometer contains an inner
and an outer electrode, the first of which resembles a spindle and the second of
which resembles a barrel. Ions that enter the electrostatic field created between
the two electrodes are trapped in an orbital motion around the inner spindle-
electrode. During its orbit around the spindle the ion oscillates forth and back
along the spindle’s central axis, with an axial oscillation frequency solely de-
pendent on the ion’s mass-to-charge ratio m/z and the trapping potential
established by the inner and outer electrodes. The axial oscillation induces an
image current in the outer electrode, which has two segments, that can be
detected by the detector system. Multiple ions generate multiple signals, the
frequencies and relative abundances of which can be analyzed using Fourier
transformations. A typical orbitrap has a maximum capacity of about 104 to
105 ions it can store [30] before the mass resolution degrades and minor species
are masked by major ions in the trap, limiting to the dynamic range. When
it comes to trace species at the ppm-level, and associated isotopes suitable
pre-selection or enrichment of the species of interest will be necessary.

Fourier transform mass spectrometers have been used in the labora-
tory for high to ultra-high resolution mass spectrometry investigations with
mass resolutions exceeding 10,000,000 [56,17,72]. Since these instruments need
strong and very stable magnetic fields, usually provided by super-conducting
magnet systems, e.g. [94], such instruments have not been considered for use
in space flight so far.

2.3 Detector system

The last stage, the detector, converts ion intensities (total number of ions
per mass, or fluxes) into an electrical signal that can then be handled by the
data acquisition system. Detectors need to keep electronic background signals
as low as possible, because these can ‘mask’ peaks of rare species. Common
detector types used include Faraday cups, electron multipliers, micro-channel
plates, channeltrons, photo-multipliers, and ion-to-photon detectors.
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2.4 Additional Components

2.4.1 Getters

While getters come as physical and chemical getters, chemical getters are
preferably used in combination with mass spectrometers flown in space be-
cause of their simple use and long history in laboratory systems. Chemical
getters contain a material that is able to fix gas molecules on their surface in
the form of stable chemical compounds. If the getters retain the species that
they have filtered out indefinitely, they effectively function as pumps.

All three mass spectrometers presented in Section 4 as heritage instru-
ments implemented a getter in some form. The Galileo Probe Mass Spectrom-
eter (GPMS) used chemical getters to remove active gases from the sample,
such as the major atmospheric species H2 [50], the Gas Chromatograph Mass
Spectrometer (GCMS) on Huygens used getters to pump reactive gases with
the exception of methane [67], and [6] mentions that whereas no actual chem-
ical getters were implemented for ROSINA, the large amounts of titanium
elements used for the instrument enclosure acted as an active getter surface
themselves.

2.4.2 Chemical Enrichment

Chemical enrichment cells contain chemical getters that adsorb reactive gases
with the goal of either improving the measurement of trace gases by removing
the major components, or with the goal of removing interferences of overlap-
ping ions. Subsequent heating of the getter desorbs the gases trapped on the
cell material, allowing it to flow towards the ion source. Reference [68] shows
in Figure 2 an illustrative comparison between two mass spectra, one recorded
before and one recorded after enrichment. The enrichment factor depends on
the chemical and physical properties of the species to be investigated, and
generally increases with the molecular weight of the species. Both GPMS on
Galileo and GCMS on Huygens contained enrichment cells allowing for en-
richment of hydrocarbons by a factor of 100 (ethane and propane) to 500 (for
higher order hydrocarbons), and for enrichment of heavy noble gases (krypton
and xenon) by a factor of 10–100 [68,63].

2.4.3 Cryogenic Enrichment

Cryogenic enrichment using cryogenic coolers (cryocoolers) have been used
for enrichment in laboratory-based sampling systems for many years. This
technique has been applied in prototype instruments for space applications to
increase the sensitivity of a mass spectrometer by a factor of up to 10,000,
which was demonstrated for Ar by collecting for 500 s, see Figure 3 in [16]. A
Ricor 508 cryocooler has been foreseen for the MASPEX instrument to provide
a ten-thousandfold enhancement in the gases analyzed as the instrument passes
through the atmosphere of Europa during the flybys. The absorber uses a 316L
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stainless steel absorber for the trapping of gases. Similar methodology could
be used in entry probes to increase the signal to noise ratio of Ar, Kr, and
Xe. Combining this technique with a non-evaporable getter as a primary stage
to remove active volatiles would be a powerful means of making accurate
measurements of Ar, Kr, and Xe and their isotopes on an atmospheric probe
mass spectrometer system.

2.4.4 Noble Gas Enrichment

The noble gas enhancement can be achieved by using a combination of a cry-
otrap, an ion pump, and a non-evaporable getter (NEG: SAES 172). The NEG
removes all constituents except methane and the noble gases. The cryotrap
traps the products of the NEG process, except for helium and some neon.
The ion pump then operates to pump away the helium, which is the second
highest source of gas in the atmosphere of a giant planet, thus enhancing the
remaining noble gases about 200 times. Helium and neon are measured using
a separate mode.

2.4.5 Gas Chromatography

Gas Chromatography is an established laboratory technique in analytical chem-
istry to separate a complex gas mixture that can be vaporized without decom-
position [79]. The process traditionally involves a single 10–30 meter long capil-
lary column that is coated on its walls with a selected stationary phase specific
to the compounds of interest. An inert carrier gas (most often H2 or He), the
mobile phase, pushes the sample gas mixture through the column whereby
allowing the species to interact with the stationary phase coating on the wall
of the column. The passage time of a species through the column depends on
the chemical and physical properties and its interaction with a specific col-
umn coating, leading to the separation at the exit of the column, and allows
for both qualitative and quantitative studies to be performed. Typically, the
column is heated to perform a boiling point separation of the mixture, improve
peak shape and reduce the overall analysis time.

2.4.6 Reference Gas

A gas reference system is needed to allow determination of the detector gain,
especially after an 8–10 years of cruise to a giant planet, to provide a known
reference for isotope measurements, and to provide an accurate mass scale
for high resolution mass spectrometers. Reference gas systems were used by
ROSINA for detector gain, isotope reference, and mass scale determination in
DFMS and RTOF, using a gas mixture of (Ne, CO2, Xe) and (He, CO2, Kr),
respectively [6]. Gain determination must use a Faraday cup as well as the cali-
bration system. The known quantity of gas from the calibrated leaks compared
with the ion current provides the source sensitivity and thereby accuracy in
determining the gas density. MASPEX will use a FC43 (C10F18) calibration
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gas to allow mass scale determination over the range of m/z =40 to 500 from
the various daughter peaks produced from electron impact (EI) dissociative
ionization of the calibrant. Odd-mass EI of fragments of compounds contain-
ing F, Br, and Cl prevents isobaric interferences within the science sample in a
planetary environment, and thus allows calibration and science determination
to proceed in parallel to minimize calibration switching during the short probe
descent time.

3 History of Atmospheric Mass Spectrometry in Space

Mass spectrometers have been sent to space for over half a century (see also
[76]). In the late 1950’s sounding rockets carried first ion mass spectrometers
into space to study the composition and number density of the lower iono-
sphere [9]. Whereas the mass spectrometers’ sensitivities were very high, mass
resolution was just high enough to allow separation of the ionospheric ions.
These first ion mass spectrometers were followed by neutral mass spectrome-
ters, the first two of which were launched into Earth’s atmosphere in 1963 [70].
They were both magnetic mass spectrometers: one, a double-focusing instru-
ment, the other a single-focusing instrument. Measured atmospheric neutral
species included N2, O, Ar, and Ne.

The first mass spectrometers to sample the atmosphere of a Solar System
body other than Earth were carried on the last three Apollo missions, Apollo
15–17. The Apollo 15 and 16 mass spectrometers were deployed from the
Scientific Instrument Module on the Service Module on a 7.3-meter long boom
[33]. Most gases detected were associated with the spacecraft itself with the
exception of 20Ne, which was attributed to external sources, i.e., to be of
lunar origin. The mass spectrometer on Apollo 17 was deployed on the lunar
surface, where it measured gas concentrations down to 10−15 mbar, positively
identifying the exospheric Ne, He, H, CH4, CO2, NH3, H2O, and 40Ar [34].

In 1967, Venera 4 became the first space probe to measure the atmosphere
of another planet, namely Venus [97]. Two gas analyzers (chemical cells) on
board Venera 4 were designed to measure CO2, N2, O2, and H2O during the
probe’s descent by a pressure difference (manometric) method. The Venera
4 mission was followed by several successor missions (Venera 5 through 14
[1969–1982]), which sampled Venus’ atmosphere from in orbit, during descent,
and while stationed on the ground. The later Venera missions and the Pi-
oneer Venus missions (1978–1992) carried more sophisticated gas analyzers
(mass spectrometers and gas chromatographs) quantifying several additional
elements and molecules (including the scientifically important 3He and HD)
present in Venus’ atmosphere [19,39].

In the past 40 years, the atmospheres of many more Solar System objects
have been sampled and analyzed. Mars, in particular, has seen a wide range
of atmospheric mass spectrometers: From the first double-focusing magnetic
mass spectrometers on Viking 1 and 2 [71,85], which quantified the most
common species and their isotopes in the martian atmosphere in 1976, to
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the quadrupole mass spectrometer on MAVEN (2014–today), which measured
a wide array of species and isotopic ratios [49]. BepiColombo, currently en
route to Mercury, will complete the list of terrestrial planets the atmospheres
of which have been investigated through mass spectrometry [90]. The STart
from a ROtating FIeld mass spectrOmeter (STROFIO) is designed to cover
a mass range of m/z =1–64, with a mass resolution of m/∆m >60 and a
sensitivity of 0.14 (counts/sec)/(part/cm3) [75], corresponding to a signal of
10−16 mbar measured in 10 s integration.

So far only two missions with a mass spectrometer have been sent to analyze
the atmospheres of bodies located in the outer Solar System: Galileo, the probe
of which entered and analyzed Jupiter’s atmosphere on 7 December 1995 [68],
and Cassini-Huygens, the probe of which landed on Titan on 14 January 2005
[63]. The mass spectrometers of both space probes are discussed in detail in
the Section 4.

Finally, three comets have so far been extensively studied by atmospheric
probes: Halley’s comet, which was visited by the Giotto in 1986 [42], Wild
2, visited by the Stardust mission in 2004 [41], and 67P/Churyumov-Gerasi-
menko, which was accompanied by Rosetta from 2014 through 2016 [6,27].
The instrument specifications for the mass spectrometers onboard Rosetta are
also presented in detail in Section 4.

Planned missions for the near-future that include mass spectrometers for
atmospheric investigation are, amongst others, JUICE, the JUpiter ICy moons
Explorer [29], Europa Clipper [77], Comet Interceptor [95], and Dragonfly. The
Neutral Ion Mass spectrometer (NIM), part of the Particle Environment Pack-
age (PEP) onboard JUICE set for launch in 2022, will conduct the first-ever
direct sampling of the exospheres of Europa, Ganymede, and Callisto [8]. NIM
has a mass resolution m/∆m of more than 1,100 in the mass range m/z =1–
1,000 and a detection limit of ∼1 cm−3 (corresponding to 10−16 mbar) for
a 5 s integration time. The MAss SPectrometer for Planetary EXploration
(MASPEX) onboard Europa Clipper [16] will analyze the composition of Eu-
ropa’s tenuous atmosphere, with a planned launch in 2025 [25]. The instrument
is designed to measure particles with masses up to m/z >1,000, exhibit an ex-
tremely high mass resolution of m/∆m >30,000, has a sensitivity of more than
1 ppt with cryotrapping and should reach a dynamic range of 109 in 1 s. Fi-
nally, the Mass Analyzer for Neutrals in a Coma (MANiaC), due to launch in
2028 onboard the Comet Interceptor spacecraft of ESA, is a mass spectrometer
designed to analyze the composition of an as of yet undetermined comet’s or
interstellar object’s gas coma. MANiaC is designed to cover a mass range of
m/z =1–1,000, to exhibit a mass resolution of m/∆m ∼1,000, and to cover a
pressure range of 10−6–10−16 mbar, based on the predecessor instruments NIM
for JUICE and NGMS for Luna Resurs. Dragonfly is set to launch in 2026,
with the goal of reaching Saturn’s largest moon Titan in 2034. Dragonfly will
carry a mass spectrometer called DraMS (Dragonfly Mass Spectrometer), in-
tended to identify chemical components, especially those relevant to biological
processes, in Titan’s surface and atmosphereic samples. DraMS will be based
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Table 1 Missions with mass spectrometers sent (planned to be sent) to space.

Body of interest Mission Subsystem Instrument Type GC Addition Year

Mercury BepiColombo Mercury Planet Orbiter STROFIO Time-of-flight No 2025–
Venus Venera 4–6 - - Quadrupole No 1967–1969

Venera 7–14 - - Quadrupole No 1969–1982
Pioneer Venus Orbiter - ONMS Quadrupole No 1978–1992
Pioneer Venus Multiprobe Four probes LNMS Magnetic No 1978–1978
Pioneer Venus Multiprobe Bus BNMS Magnetic No 1978–1978
Vega 1 Descent craft ING Time-of-flight No 1985–1987
Vega 2 Descent craft ING Time-of-flight No 1985–1987

Moon Apollo 15 Orbiter - Magnetic No 1971–1971
Apollo 16 Orbiter - Magnetic No 1972–1972
Apollo 17 Lander LACE Magnetic No 1972–1972
Chandrayaan-1 Moon Impact Probe CHACE Quadrupole No 2008–2008
LADEE - NMS Quadrupole No 2013-2014
Luna Resurs - GAP Time-of-flight Yes 2025–

Mars Viking 1 Lander GCMS Magnetic Yes 1976–1982
Viking 2 Lander GCMS Magnetic Yes 1976–1980
Phoenix Lander TEGA Magnetic No 2008–2008
Mars Science Laboratory Curiosity rover QMS Quadrupole Yes 2012–
MAVEN - NGMS Quadrupole No 2014–
Mars Orbiter Mission - MENCA Quadrupole No 2014–
ExoMars Rosalind Franklin rover MOMA Ion trap No 2021–

Jupiter Galileo Probe GPMS Quadrupole No 1995-1995
JUICE - NIM Time-of-flight No 2030–
Europa Clipper - MASPEX Time-of-flight No 2025–

Saturn - Titan (moon) Cassini-Huygens Orbiter INMS Quadrupole No 2004-2017
Cassini-Huygens Probe GCMS Quadrupole Yes 2005-2005
Dragonfly - DraMS Ion trap Yes ?

Comet - Halley Giotto - NMS Magnetic No 1986–1986
Comet - 67P Rosetta - DFMS Magnetic No 2014–2016

Rosetta - RTOF Time-of-flight No 2014–2016
Rosetta - COSAC Time-of-flight Yes 2014–2016

Comet - unknown Comet Interceptor - MANIaC Time-of-flight No ?

on heritage from SAM (Sample Analysis at Mars) on Curiosity and MOMA
(Mars Organic Molecular) on ExoMars [47].

Table 1 gives an overview of missions with mass spectrometers for gas anal-
ysis that were already sent or are planned to be sent to space. The table lists
the mission designations, the subsystem that carried the instrument (where
available), the instrument’s name, the type of mass spectrometer (magnetic,
quadrupole, time-of-flight, or ion trap), if gas chromatography was applied,
and the years during which atmospheric measurements were conducted.

4 Heritage for Atmospheric Descent Probes

In the following subsections we present three highly impactful and heritage-
providing mass spectrometers that were successfully flown on space missions.
Table 2 lists their key properties and performances to facilitate comparison
between the three instruments.
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4.1 The Galileo Probe Mass Spectrometer on the Galileo Probe

The Galileo Probe Mass Spectrometer (GPMS) was designed to measure ma-
jor and minor species present in Jupiter’s atmosphere as the Galileo probe
descended through Jupiter’s atmosphere [68]. The probe was released into the
atmosphere on 7 December 1995 and measured atmospheric species for a total
of 57 minutes, starting at an ambient pressure of ∼500 mbar and measuring
up to an ambient pressure of ∼20 bar [66]. The instrument, a quadrupol mass
spectrometer, had a compact design, with a quadrupole field radius equal to
5.0 mm and a field length of 150 mm, weighed 13.2 kg, and required ∼13 W
(12 W) of power for the instrument (heaters). The mass analyzer covered ions
from m/z =2 to 150 with unit mass resolution and a maximum dynamic range
of 108, allowing detection of gases with mixing ratios larger than a few tens of
ppbv. The analyzer used a stepping scanning format, with step size equal to
integer or 0.125 u and a measurement period of 0.5 s per mass step. A nominal
scan (m/z =2–150 with a unit step size) thus required a scan period of 75 s.
Ionization of the neutral gas was achieved through electron ionization, with a
dual filament ion source (one for redundancy) with adjustable electron beam
energy. The ion detector consisted of a secondary electron multiplier pulse
counter.

The GPMS experiment had a quadrupole mass spectrometer with a basic
gas inlet system consisting of two arrays of glass capillaries supplemented by
three selective subsystems: a noble-gas purification cell and two sample en-
richment cells (for more complex compounds). A schematic of the experiment
is presented in Figure 1. The two basic inlet systems were fully self-contained
and were operated in time sequence as the probe descended through the at-
mosphere. Inlet 1 was used from 520 mbar to 3.78 bar whereas inlet 2 was
used from 8.21 bar to ∼21 bar. At certain times, while direct sampling was
interrupted, the gases collected in the two enrichment cells (mainly complex
hydrocarbons) were released and passed to the ionization region of the mass
analyzer for analysis. The enrichment cells allowed for enrichment of hydro-
carbons by a factor 100–500. The enrichment cells also each contained two
getters that chemically bound reactive gases (mainly hydrogen, the major
component of Jupiter’s atmosphere), increasing the relative abundances of all
species by approximately a factor of 10 and allowing the analysis of purified
noble gases. This resulted in the measurement of isotopic ratios with better
precision, including the scientifically highly important D/H ratio. Background
measurements were taken when time permitted (for example in between the
switching from inlet 1 to inlet 2). Finally, towards the end of the measurement
sequence, high resolution scans were performed at selected masses.

During the probe’s descent signals were recorded from over 6,000 individual
values of mass-to-charge ratio (m/z) [65]. Species detected include H2 and
HD, 3He and 4He; the isotopes of the noble gases Ne, Ar, Kr, and Xe; the
volatiles CH4, NH3, H2O, H2S; a chlorine compound which may have been
HCl, and a large number of C2 and C3 non-methane hydrocarbons, but no
heavier hydrocarbons [50,66,62,102].
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The Galileo Probe Mass Spectrometer left several open questions that need
to be considered in future atmospheric probe missions:

1. Did the designed sampling system comprehensively sample gases, conden-
sates, and adsorbed compounds?

2. Why was the highest signal to noise data collected in the enrichment cell
and not in the noble gas cell?

3. Did switching between direct sampling and sampling of the alternative
collection cells lead to sampling delays that made the chronology of the
probe’s descent data set harder to reconstruct and understand?

4. How did the low mass resolution affect the interpretation of the results?

The first point is particularly relevant given the recent Juno results on the
distribution of ammonia in Jupiter’s upper atmosphere inferred from the mi-
crowave opacity [12]. These measurements were interpreted as distribution of
ammonia in the vapor phase as function of altitude and latitude, indicating
that the distribution of volatiles and condensates is spatially dependent at
Jupiter. Therefore sampling of both vapor and condensates is essential for de-
termining the correct mixing ratios of volatile species. Clouds are expected
to be encountered during the descent of the probe in Uranus’ and Neptune’s
atmosphere [4,60].

4.2 The Gas Chromatograph Mass Spectrometer on the Huygens Probe

The Cassini-Huygens mission consisted of two main elements: The Cassini or-
biter, which orbited Saturn for over 13 years (June 2004 – September 2017),
and the Huygens probe, which descended through to Titan’s atmosphere all
the way to the surface in January 2005. The lander probe carried a Gas Chro-
matograph Mass Spectrometer (GCMS) experiment designed to identify and
characterize the chemical composition of the atmosphere of Titan and to deter-
mine the isotope ratios of the major gaseous constituents [63]. The instrument
measured atmospheric species for 148 minutes during descent (from ∼146 km
down to the surface). Having survived the impact on the surface, GCMS mea-
sured species evaporated from the surface for an additional 72 minutes until
contact was lost with the Cassini orbiter, which relayed the communications
[44]. The GCMS was of cylindrical shape, with a diameter of 198 mm and a
height of 470 mm, weighed 17.3 kg, and required on average 41 W of power.
The mass analyzer was capable of measuring ions from m/z =2 to 141 with
unit mass resolution and a mixing ratio detection limit on the order of 10−8.
Stepping was performed at unit mass steps with a single mass step taking 5 ms
to acquire, resulting in a mass scan cycle of 937.5 ms. In-flight, the mass scan
cycle period doubled to 1.875 s due to transmission constraints. Ionization
was achieved through electron impact ionization and ions were detected by a
secondary electron multiplier detection system.

The GCMS consisted of a quadrupole mass filter that could receive ions
from one of five available ion sources. The first ion source was connected to
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a gas sampling system, where atmospheric gas was directly admitted. The
second ion source was fed from an aerosol collector pyrolyzer (ACP), where
aerosol samples were collected. The last three ion sources were connected to a
gas chromatographic system consisting of three gas chromatographic columns
(GCs). The three GC columns were designed to separate C3 to C8 hydrocar-
bons and nitriles, C1 to C3 hydrocarbons, and N2 and CO. Unfortunately,
the ion source connected to the third GC failed to operate normally at 74 km
altitude, when the probe passed through a region of extensive turbulence.
With the third GC column being dedicated to separate CO and N2 (both with
m/z = 28), this resulted in the loss of the data from this column and the
measurement of the CO concentration. The instrument also contained an en-
richment cell that adsorbed trace gases (e.g., high boiling point hydrocarbons
and nitriles, but no nitrogen or noble gases) for trace species enrichment, and
a chemical scrubber cell for noble gas analysis.

Similarly to the GPMS, the atmospheric inlet of GCMS fed two sets of
capillary arrays with different gas conductance used in sequence to cover the
wide ambient pressure range encountered during the descent. For the first
∼30 min (from 146 km to 65 km) atmospheric gases were induced directly
into the ion source through the first leak. Simultaneously, from 77 to 75 km,
gas samples for the noble gas scrubber and the sample enrichment cell were
collected. From 65 to 56 km direct sampling was interrupted and the contents
of first the noble gas scrubber cell and later the sample enrichment cell were
analyzed. At 56 km direct sampling was resumed, using the second leak for
the ion source. Concurrently, in the upper atmosphere, GC samples were col-
lected to be analyzed later during the descent, when more time was available
for analysis. In the lower atmosphere, close to the surface, GC samples were
injected directly from the atmosphere, omitting storage. ACP sampling was
conducted during the later stage of the descent, when the second leak was used
for direct atmospheric sampling, and aerosol analysis was performed during
two short periods.

The GCMS on Huygens measured the altitude profiles of N2, CH4, H2, and
40Ar in the lower atmosphere, detected 22Ne and 36Ar in a batch sample in the
noble gas enrichment cell, determined the isotope ratios for H/D, 14N/15N, and
12C/13C; and detected CH4, C2H6, C2H2, C2N2, and CO2 as they evaporated
from the surface directly below the probe [64,67].

4.3 The Rosetta Orbiter Spectrometer for Ion and Neutral Analysis on
Rosetta

ROSINA, the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis on-
board Rosetta, measured the elemental, isotopic and molecular composition
of 67P/Churyumov-Gerasimenko’s atmosphere and ionosphere for a good two
years, from August 2014 to September 2016 [6]. The ROSINA experiment
contained two mass spectrometers, the Double Focusing Mass Spectrometer
(DFMS) and the Reflectron Time Of Flight mass spectrometer (RTOF). Al-
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though ROSINA was not built for sampling dense atmospheres, it is discussed
here because it presents the current state-of-art in high mass resolution in
a space application. DFMS was designed to exhibit an extremely high mass
resolution m/∆m of over 9,000 at 50% peak height, covering a mass range
from m/z =12 to 150 with a high dynamic range of 1010 and a sensitivity
of 10−5 A/mbar. RTOF, on the other hand, had a lower mass resolution of
m/∆m ∼5,000 [86], but it covered species from m/z =1 up to 1,000 with a
dynamic range of 108 and a sensitivity of 10−4 A/mbar [86]. DFMS and RTOF
measured 63×63×26 cm3 and 114×38×24 cm3, respectively, DFMS weighed
16.2 kg while RTOF weighed 14.7 kg, and DFMS required 19 W whereas RTOF
required 24 W of power. It took DFMS 20 s for the measurement of one mass
line, resulting in a scan cycle period of ∼40 min for an entire mass spectrum.
RTOF, which did not step through the different mass lines but recorded them
quasi-simultaneously, required 200 s of measuring time for a complete mass
spectrum. Ionization was accomplished through electron ionization in both
mass spectrometers. For ion detection the DFMS had three independent de-
tectors (a Faraday cup, a multi-channel plate, and an electron multiplier [11]),
whereas RTOF contained two fast micro-channel plates detectors [87].

The two mass spectrometers were designed to complement each other with
high mass resolution (DFMS) and high time resolution (RTOF). The main
difference in operating principle was that whereas DFMS stepped through a
mass spectrum with a high mass resolution but a limited mass range, RTOF
recorded a complete mass spectrum at once, with an extended mass range but a
comparably limited mass resolution. Both spectrometers could be run concur-
rently and both instruments had a low-resolution and a high-resolution mode.
In addition, both spectrometers could measure ions and neutrals, but while
DFMS could only operate in one mode at a time, RTOF was built to measure
ions and neutrals quasi-simultaneously. Both instruments ran throughout the
whole two year mission, with both of them focusing on neutral gas measure-
ments. Since both mass spectrometers were high-resolution mass spectrome-
ters per se, and since they were built for a thin atmosphere which allowed
direct measurement of the gaseous species, no additional enhancement tech-
niques (like enrichment cells, noble gas cells, or GC additions) were necessary.
Both spectrometers did carry a gas calibration unit, though, which, at certain
times, injected a defined quantity of a known gas mixture (He, CO2, and Kr),
for parameter optimization and in-flight calibration.

Together DFMS and RTOF measured and characterized a vast amount
of different elements, isotopes, and molecules. Over 100 different species were
identified, amongst which are over 20 isotopic ratios, several noble gasses,
about 50 organic compounds (CH, CHN, CHOS, CHO, CHO2, CHON, CHS,
CHS2, CHCl compounds) and about 20 in-organic compounds (e.g., NH3, CH4,
H2O, CO, N2, O2, H2S, CO2) [84]. For a DFMS high-resolution measurement
see for example [105].
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Table 2 Details for the mass spectrometers flown on the Galileo probe, the Huygens probe,
and on Rosetta. Note that this table presents a simplification of the performance of the
instruments.

Mission Galileo Probe Huygens Probe Rosetta Rosetta
Instrument GPMS GCMS DFMS RTOF

Atmospheric entry December 7, 1995 January 14, 2005 August 1, 2014 August 1, 2014
MS type: quadrupole quadrupole magnetic time-of-flight
GC addition: no yes no no
Noble gas cell: yes yes no no
Enrichment cell yes yes no no
Ion source: electron ionization electron ionization electron ionization electron ionization
Ion detector: electron multiplier electron multiplier electron multiplier, FC, MCP MCP
Pressure range (external): ∼500 mbar–20 bar ∼3 mbar–>1 bar 10−5–10−15 mbar 10−6–10−17 mbar
Pressure range (internal): 10−4–10−13 mbar 10−5–10−15 mbar 10−6–10−17 mbar
Measurement range 146 km–surface <1,000 km–surface <1,000 km–few km
Mass range: m/z =2–150 m/z =2–141 m/z =12–150 m/z =1–∼1,000
Mass resolution: unit unit >9,000 ∼5,000
Sensitivity: ∼ 1012–1013 counts/s/mbar 1014 counts/s/mbar ∼ 1014 counts/s/mbar ∼ 1015 counts/s/mbar
Dynamic range: < 108 < 108 1010 106/108

Power: 13 W+12 W 41 W 19 W 24 W
Weight: 13.2 kg 17.3 kg 16.2 kg 14.7 kg
Size: 198 mm×470 mm 63×63×26 cm3 114×38×24 cm3

5 Mass Spectrometry in Space — State-of-Art

Mass spectrometers can be coarsely divided into low-resolution mass spec-
trometers and high-resolution mass spectrometers, irrespective of the mass
spectrometer type itself. Where one classification ends and the other one be-
gins depends on the isobaric interferences that need to be separated, though,
and thus depends on the scientific scope of the mission, which varies from
case to case. In any case, low-resolution mass spectrometers are defined as
being unable to resolve the necessary isobaric interferences themselves, thus
requiring additional sample gas separation systems. As a rule of thumb, for
low-resolution mass spectrometers one asks for a mass resolution matching
the mass range, e.g., m/∆m ≥ mmax, to have unit mass resolution at the
highest observed mass. In contrast, high-resolution mass spectrometers can,
ideally, separate all necessary species even in the presences of isobaric inter-
ferences without the need of additional sub-systems. To distinguish isobaric
interferences such as 3He/HD, CO/N2, 20Ne/40Ar++, or 22Ne/44CO2

++, mass
resolutions of 1,000s to 10,000s are required, whereas mass resolutions on the
order of 100,000 and more are necessary to resolve species such as CxHy or
even CyHyNz, for example when investigating Titan’s atmosphere. In the first
case, the class boundary between low- and high-resolution instruments thus
lies at a mass resolution of 1,000–10,000, whereas for the second case the class
boundary lies beyond 100,000.

Up until about 15 years ago, only low-resolution mass spectrometers were
flown on space missions while high-resolution mass spectrometers were con-
fined to laboratory applications. The reason for this was that high-resolution



18 Audrey Vorburger et al.

mass spectrometers were still too big, heavy and power-consumptive and op-
erationally too involved to be suitable for placement on a spacecraft. Low
resolution mass spectrometers are, though, as mentioned unable to avoid iso-
baric interferences in the mass spectra. They thus have to be coupled with
additional subsystems, e.g., chemical pre-separation.

Today’s available pre-separation techniques work well, but they usually
only target a limited range of species. Accordingly, one has to make a pre-
selection of the species to be investigated in detail. This is possibly a lim-
itation when an object with little previous knowledge is explored. In addi-
tion, while low-resolution mass spectrometers are relatively simple in design,
advanced pre-processing techniques (e.g., gas chromatographic systems with
several columns) are rather complex systems, both to build and to operate, and
they exhibit very high mass and power requirements (see for example the QMS
on SAM with a mass of 40 kg and power up to 200 W [51]). With the tech-
nological progress accomplished in the last few decades, high-resolution mass
spectrometers have started to overcome many of their technological challenges
for space flight. High resolution mass spectrometers have thus started to be
considered, proposed, and used in space research. In the following two subsec-
tions we present the current state-of-art in mass spectrometry pertaining to
atmospheric research, divided into two subsections, which are high-resolution
mass spectrometers and low-resolution mass spectrometers, with the latter
subsection also containing chemical pre-separation techniques.

5.1 High-Resolution Mass Spectrometers

ROSINA with its double-focusing magnetic mass spectrometer DFMS and its
reflectron time-of-flight mass spectrometer RTOF was probably the first exper-
iment with high-resolution mass spectrometry flown in space (cf. Section 4.3).
DFMS made use of an extensive heritage from high-performance laboratory
instruments, rapid technological progress, and modern methods for calculat-
ing ion optical properties. DFMS boasted a mass resolution m/∆m of over
9,000, allowing for the determination of isotope ratios at the 1% level [31,
83,88,89]. RTOF, with its two ion optical mirrors [86,36], belongs to a novel
category of time-of-flight mass spectrometers, reflectron time-of-flight mass
spectrometers, discussed below. Finally, the CosmOrbitrap development, us-
ing an orbitrap mass spectrometer, introduced as a prototype for a space flight
[15], is presented in the next but one paragraph.

5.1.1 Time-of-Flight Mass Spectrometers

Ions traveling through the drift-tube of a time-of-flight mass spectrometer are
separated according to their m/z values and arrive at the detector at distinct
but predictable times. Ideally, ions with the same m/z values would arrive
at the exact same time at the detector. In reality, though, ions experience
an arrival-time dispersion, because they are not perfectly mono-energetic, and
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because they contain variances in time, position and velocity (direction and
magnitude) when they are ionized and extracted from the ion source towards
the drift tube. This results in a broadening of the peak-width in the mass
spectrum and thus a reduced mass resolution. As a countermeasure reflectron
time-of-flight mass spectrometers were developed [54]. A reflectron is an ion-
optical element, an ion mirror, that uses specially designed electrostatic fields
to reflect the incoming ion beam back towards the detector with the goal of
focusing ion packets in space and time. In the ion mirror, ions with higher
energies penetrate deeper into the retarding electric field, and accordingly
spend more time there, than ions with lower energy. This energy-dependent
time-delay counterbalances the fact that higher energetic ions pass through
the drift-tube faster than lower energetic ions, resulting in a reduced arrival-
time dispersion, a reduced peak-width and an improved mass resolution. In
addition, by traversing the field-free drift-tube twice, ions of different m/z val-
ues are dispersed more strongly in time, resulting in an additionally increased
mass resolution. Reflectron time-of-flight mass spectrometers can achieve mass
resolutions of a few thousand. The mass spectrometer RTOF on Rosetta was
a triple-pass ion-optical system, which used two ion mirrors to fold the ion
path three times [86].

Even higher mass resolution can be achieved with multi-bounce mass spec-
trometers where the ion trajectories are folded several, perhaps many, times
within the same ion optical system. This allows for long time-of-flight paths,
and thus for high mass resolutions. An example of such a multi-bounce in-
strument, MASPEX, is currently being built for the Europa Clipper mission
of NASA [16]. A flight version of the MASPEX instrument is under develop-
ment. A form, fit, and function Engineering Model is presently being tested at
Southwest Research Institute in San Antonio, Texas, USA. Mass resolutions
of >30,000 (10% peak valley definition) can be achieved with the MASPEX
instrument. Because lighter m/z ion packets can overtake heavier ones, one
has to limit the mass window for the analysis the more bounces one exercises,
though, i.e., the higher the mass resolution the narrower the usable mass win-
dow. For the MASPEX instrument operated at 10 bounces (corresponding to
m/∆m ≈ 4,500), the usable mass window is about ±14% of the selected mass,
when operated at 26 bounces (corresponding to m/∆m ≈ 13,500), the usable
mass window is about ±5.5%.

An alternative to ion-mirrors for time- and space-focusing are electric sen-
sor fields, and [74] presented a multi-pass time-of-flight instrument which ex-
hibits a mass resolution of m/∆m < 350,000 [96]. Increased mass resolution
does not come without some additional costs, though. Multi-pass mass spec-
trometers are not simple but rather very complex systems to build and to
operate. For the outstanding mass resolution of m/∆m = 350,000, for exam-
ple, the MULti-TUrn time-of-flight Mass spectrometer (MULTUM) included
no less than 28 carefully tuned electric quadrupole lenses, and up to 500 passes
through the ion optical system were required [92,96].



20 Audrey Vorburger et al.

5.1.2 Orbitrap-Based Mass Spectrometers

Orbitrap mass spectrometers are of a non-scanning nature, come in a compact
design, have a good detection dynamic, and exhibit extremely high mass res-
olution and precision. [37], for example, presented a laboratory orbitrap mass
spectrometer with a mass resolutions of m/∆m = 100,000 for up to m/z =400
that was used to analyze chemical processes simulating Titan’s atmosphere.
[15] presented a prototype instrument for the JUICE mission of ESA, an or-
bitrap mass spectrometer optimized for in situ analysis of dust from airless
bodies in the Solar System, with a mass resolution of m/∆m = 474,000 at
m/z =9 reducing to m/∆m = 60,000 at m/z =400, following the theoretical
trend of the mass resolution of orbitrap systems of m/∆m ∝ m−1/2 [53]. A
concept for a combination of a linear ion trap and an orbitrap mass spec-
trometer has been proposed for measurements of thin planetary atmospheres
[1].

5.2 Low-Resolution Mass Spectrometers

Low resolution mass spectrometers are defined as having sufficient mass reso-
lution to separate all adjacent mass lines in the covered mass range, but not
to resolve isobaric interferences that may occur in the sample. They offer an
alternative approach to high-resolution mass spectrometers, but they should
be coupled to a more elaborate sample preparation using pre-separation, pre-
selection, cleaning, or enrichment systems to achieve a comparable perfor-
mance concerning resolution, and species identification. For the sample prepa-
ration several options exists, which have been discussed in Section 2.4. The
main task of the sample preparation system is to enable the isolation of species
or groups of them, to avoid isobaric interferences (because mass peaks with
almost identical m/z values cannot be resolved), to provide a diagnostic mea-
sure of composition, and to extend the total dynamic range. As for the mass
spectrometer itself, any mass spectrometer from the categories presented in
Section 2.2 can be used.

5.3 Gas Chromatograph Mass Spectrometers

Gas chromatography coupled with mass spectrometry (GCMS) is a very pow-
erful analysis method, and has been used on planetary science payloads such
as Viking [85], Cassini-Huygens [63], and Sample Analysis at Mars (SAM) of
the Mars Science Laboratory [51] on Curiosity.

The Cassini-Huygens mission consisted of two main elements: The Cassini
orbiter, which orbited Saturn for over 13 years (June 2004 – September 2017),
and the Huygens probe, which descended through to Titan’s atmosphere all
the way to the surface in January 2005. The lander probe carried a Gas Chro-
matograph Mass Spectrometer (GCMS) experiment designed to identify and
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characterize the chemical composition of the atmosphere of Titan and to deter-
mine the isotope ratios of the major gaseous constituents [63]. The instrument
measured atmospheric species for 148 minutes during descent (from ∼146 km
down to the surface). Having survived the impact on the surface, GCMS mea-
sured species evaporated from the surface for an additional 72 minutes until
contact was lost with the Cassini orbiter, which relayed the communications
[44]. The GCMS was of cylindrical shape, with a diameter of 198 mm and a
height of 470 mm, weighed 17.3 kg, and required on average 41 W of power.
The mass analyzer was capable of measuring ions from 2 to 141 u/e with
unit mass resolution and a mixing ratio detection limit on the order of 10−8.
Stepping was performed at unit mass steps with a single mass step taking
5 ms to acquire, resulting in a mass scan cycle of 937.5 ms. In-flight, the
mass scan cycle doubled to 1.875 s due to transmission constraints. Ionization
was achieved through electron impact ionization and ions were detected by a
secondary electron multiplier detection system.

5.4 Tunable Laser Spectrometer

Tunable Laser Spectrometers (TLS) [23] pose a well-suited complement to a
mass spectrometer system by measuring the isotopic ratios of some selected
molecules, e.g. H2O, NH3, CH4, PH3, CO, CO2, SO2, and OCS, to a high
accuracy. TLS measure the absorption of light of a laser in a cavity at spe-
cific wavelengths in the near infra-red (IR) to mid-IR spectral region in a
direct, non-invasive, unambiguous manner. Targeted species can be detected
by scanning over their rovibrational spectral lines without the concern of inter-
ferences. In this way, TLS reach ultra-high spectral resolutions (on the order
of 0.0001 cm−1), high accuracies of a few % for species abundances and about
one per mille for isotope determinations, and remarkable sensitivities at the
sub-ppb level for gas detection, while still being small in mass and volume.
The main isotopic ratios targeted by TLS systems used in atmospheric analy-
ses are D/H, 18O/16O, 17O/16O, 13C/12C, 15N/14N, and 34S/32S. Exemplary
missions which carried TLS systems to space are the ExoMars mission, where
a TLS was used to analyze the Martian atmosphere [43], the Phobos Grunt
mission, which was designed to examine the martian moon Phobos [24], and
the Mars Science Laboratory mission, a TLS system on which measured the
isotopic ratios of D/H and of 18O/16O in water, and of 13C/12C, 18O/16O,
17O/16O, and 13C18O/12C16O in carbon dioxide in the Martian atmosphere
[101].

5.5 Helium Abundance Detector

A Helium Abundance Detector (HAD), another well-suited supplement to a
mass spectrometer system, is an optical interferometer used to determine the
helium abundance in a given sample. This is accomplished through a two-
beam interferometer, where one beam passes through a reference gas mixture
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of known composition, and where the other beam passes through an atmo-
spheric gas sample to be analyzed. The difference in the optical path gives the
difference in refractive index between the reference gas and the atmospheric
gas. On Galileo, a HAD was used for the precise (0.1%) determination of the
helium abundance in the Jovian atmosphere from 2 to 10 bars [98]. The mea-
surement relied on the fact that the Jovian atmosphere consists mostly of H2

and He (to more than 99.5%), and that the refractive index thus poses a direct
measure of the He/H2 ratio. The instrument was very compact, weighing only
1.4 kg and requiring power of less than 1 W. The Galileo HAD had an expected
He/H2 ratio accuracy of ±0.0015. The measurement yielded a He mole frac-
tion of 0.1350±0.0027, with a thus somewhat lower accuracy than expected,
but still better than was possible by a mass spectrometric measurement at the
time [99].

6 Possible Descent Probe Implementation

Measuring the ice giants’ chemical composition gives valuable insight into the
gas and the dust reservoir available and the processes at work when our Solar
System formed. In particular, knowledge of the ice giants’ gross atmospheric
composition and atmospheric isotopic ratios (both of which are representative
of their bulk counterparts) can help us distinguish between currently compet-
ing formation scenarios, e.g., [57,78,13,14]. Species of interest in this context
are H2, HD and He, including their abundance and isotopic ratios, the in-
organic compounds CH4, NH3, H2S, PH3, H2O, CO, CO2, AsH3, GeH4, the
organic compounds C2H2 and C2H6, the isotopic ratios of 13C/12C, 15N/14N,
16O/17O, 18O/16O, and 3He/4He, and finally the heavy noble gases Ne, Ar,
Kr and Xe, including their abundant isotopic ratios.

A descent probe offers the possibility to determine the chemical abundance
and isotopic ratios of these species by in situ sampling of the atmospheric gas.
Ideally, a full mass spectrum is recorded at altitude steps with sufficiently
fine stepping. An instrument designed to measure these species satisfying the
above-stated scientific requirements requires high throughput (due to the lim-
ited measurement time a descent probe offers), high sensitivity and dynamic
range (due to the extremely low mixing-ratio of some of these species), and
a sufficient mass resolution and accuracy (due to the isobaric interferences of
some of these species). Resources, in particular power, mass, and presumably
data rate are likely to be severely restricted for a Uranus/Neptune atmospheric
probe, even more than they were for the Galileo and Cassini probes, due to
the ice giants’ distant location.

To realize the scientific objectives of a Uranus/Neptune atmospheric probe
within realistic resources on the probe we consider a system comprised out
of four subsystems as shown in Figure 2: i) a gas separation and enrichment
system, ii) a reference gas system, iii) a mass spectrometer, and iv) a tunable
laser spectrometer. In addition, careful attention to the gas handling system
has to be made. The atmospheric gas should pass through the system easily,
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should not condense anywhere, causing delayed measurements or history ef-
fects. The gas should not pile up at places, necessitating good pumping inside
the instrument. Moreover, it has to be expected that a large fraction of the
descent is through various cloud layers [3], and a fraction of the volatiles will
be in the condensed phase. Therefore, the gas inlet system has to be heated
enough to volatilize every cloud particle in the gas inlet. Ideally, the gas inlet
has two entrance channels, one that allows for the entry of gas and condensed
particles at the same time, and one allowing only for gas entry. Be switching
between these two channels in regular intervals one obtains the composition
of the volatiles and of the clouds in the part of the atmosphere covered by
the descent trajectory. Recent laboratory measurements have shown that no-
ble gases condense well on graphene surfaces kept at cryogenic temperatures
similar to the ones expected during the descent [52]. Thus it might be that the
cloud particles present a similar storage of noble gases in Uranus/Neptune’s
atmosphere, which can be investigated with a two channel inlet system. Fi-
nally, the heterogeneity of composition observed in Jupiter’s atmosphere for
ammonia [12] might just be variability of the fraction of volatile species being
in the gas phase or in the condensed phase. By measuring both phases, we
would be able to resolve this issue, and arrive at measurements closer to the
deep atmosphere composition.

The mass spectrometer is a low-resolution time-of-flight mass spectrometer,
with a mass resolution m/∆m of about 1,000 (sufficient to separate 3He from
HD) and a fast acquisition rate, similar to the mass spectrometer designed
for the Luna Resurs mission [104], which would fit into the available resources
and fulfills the stated science requirements [35]. Because this instrument is
a TOF-MS no scanning of the mass spectrum is necessary, resulting in an
improved sensitivity by a factor of 100–1000 compared to the Galileo Probe
mass spectrometer. To establish the required accuracies for chemical and, in
particular, isotopic composition, the mass spectrometer is coupled with valves
to a reference gas system containing three reservoirs of calibration gases of
accurately known chemical and isotopic composition. These gases will be used
to calibrate the mass spectrometer shortly before entry into the atmosphere
when the actual activities are commenced.

In addition, the mass spectrometer is coupled to a gas separation and
enrichment system that contains two cryotraps [16]. During nominal measure-
ment proceedings the cryotraps will collect and purify noble gases, which are
at a later point released to the mass spectrometer for analysis, three times for
cryotrap 1 and two times for cryotrap 2. The noble gas enhancement is achieved
by using a combination of cryotrap 1, ion pump P3, and a non-evaporable get-
ter (NEG: SAES 172). The NEG removes all constituents except methane and
the noble gases. The cryotrap 1 traps the products of the NEG process, except
for helium and some neon. The ion pump then operates to pump away the he-
lium, which is the second highest source of gas, thus enhancing the remaining
noble gases 200 times. Helium and neon are measured using a separate mode.
Cryotrap 2 works as an enhancement cell for most gases other than H2 and
He. Use of a GC system for the selective measurement of noble gases is not
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Fig. 2 Proposed descent probe mass spectrometer experiment, with four major functional
units indicated by color: the time-of-flight mass spectrometer (TOF-MS; blue), the gas
separation and enrichment system (green), the reference gas system (red), and the tunable
laser spectrometer (yellow). The abbreviations are as follows: valves (V), regulating valves
(RV), pressure gauges (G), heater (H), conductance limiters (C), pumps (P), gas reservoirs
(RG), and non-evaporative getter (NEG).

considered because the cryotrap system will allow for enhancements of heavy
noble gases by factor of about 5000, whereas the GC system would allow for
a factor of 100 [32] and will need more power to operate.

Part of the proposed mass spectrometer experiment is a tunable laser mass
spectrometer that can sample the gas directly to investigate selected isotope
ratios, e.g. D/H, 13C/12C, 18O/16O, and 17O/16O, depending on the selected
laser system. The four subsystems comprising the complete mass spectrom-
eter experiment are combined by a complex vacuum system with a primary
inlet and a primary outlet port as well as two conductance passages to cover
the whole pressure range during the atmospheric descent (∼1·10−4 mbar to
∼20 bar). If resources allow, a Helium Abundance Detector should be added,
to provide redundancy to the H2/He measurement because of the high impor-
tance of this measurement.

Table 3 presents a possible operation sequence for a mass spectrometer ex-
periment on an atmospheric descent probe considering a descent time of about
60 minutes. Note that this sequence was designed for an atmospheric probe
entering Saturn’s atmosphere, but a similar operation sequence is expected
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to be applicable to an Uranus or Neptune descent probe. Accumulation times
for mass spectra vary between 5 and 10 seconds, i.e., a full mass spectrum
will be recorded every 5 to 10 seconds. Based on the descent speed, vertical
resolutions for consecutive mass spectra vary between a few 100 m and 25 km
(see Table 3).

The operations of the mass spectrometer experiment during descent through
the atmosphere are divided into six phases, and a pre-phase at the atmospheric
entry:

– Phase 0: comprises the pressure range where ‘empty space’ turns into the
planetary atmosphere.

– Phase 1–2: High-speed descent through the upper atmosphere
– Phase 3–5: Low-speed descent through the atmosphere proper
– Phase 6: Final descent until loss of contact

Phase 0: During this phase around 14 mass spectra will be recorded in
a region of the atmosphere, from 1500 km down to 450 km, where photon-
induced chemical reactions predominately take place, with a complete mass
spectrum being available every 30 seconds. At the end of Phase 0 the cryotrap
2 will be read out with the enhanced signal of hydrocarbons from the upper
atmosphere.

Phases 1–2: Regular atmospheric measurements start at a pressure of about
1·10−4 mbar. In the beginning, when the atmospheric probe is still in free-fall
and when the atmospheric pressure is still very low, the integration time is
optimized to accumulate as much rarefied gas as possible while still providing
a decent vertical resolution. Approximately 11 mass spectra will be recorded
in the Phase 1 part of the atmosphere, the traversing of which lasts a few
minutes. At about 400 mbar, the drogue parachute is opened commencing a
short Phase 2, with only 1 mass spectrum being directly recorded. At the
end of Phase 2 the cryotrap 2 will be read out a second time, again with the
enhanced signal of hydrocarbons from this part of the atmosphere. During
these phases, all measurements are performed in low sensitivity mode, putting
emphasis on the accurate measurement of the H2/He ratio in the atmosphere.

Phases 3–5: As soon as the drogue parachute has fulfilled its mission, the
main parachute is deployed and high vertical resolution measurements begin.
As the descent probe was slowed down by the main parachute, the operations
switch from low vertical resolution to high vertical resolution mode, where the
integration time is optimized and the vertical resolution corresponds a few
100 m. In this part of the atmosphere the probe collects approximately 141
mass spectra in total. At a pressure of a little over 1 bar the probe is expected
to enter the cloud layer [4,60]. The vertical resolution is maximized at this
location. Moreover, the main gas sampling pipe is equipped with a dedicated
heater to assure that all condensed particles will completely vaporize. Phase 5
measurements are planned to start at the expected pressure level of the cloud
layer. During these phases, the instrument is operated in high sensitivity mode,
to put emphasis on the less abundant species of the atmosphere. This mode
is accomplished by blanking out the low-mass part of the mass spectrum (i.e.,
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Table 3 Sample operation sequence of mass spectrometer experiment during the atmo-
spheric descent. Pressure is given at the beginning of a phase.

Phase Altitude Time span, from–to [sec] Pressure Integration Vertical Number of
[km] [mbar] time [sec] resolution [km] mass spectra

0 1500 –414.18 – 0 1.00·10−7 30 14
1 450 0 – 172 1.00·10−4 15 76.05 11
2 15 172 – 183 4.00·102 12 38.02 1
3 14 183 – 235 4.20·102 11 0.21 5
4 10 235 – 581 5.00·102 10 0.12 35
5 –13 581 – 2101 1.60·103 15 0.23 101
6 –140 2101 – 3684 2.40·104 20 1.09 29

reducing H2 and He by a factor 1000 in the mass spectrum) and increasing
the detector gain. At the end of Phase 3, 4, and 5 there is always the read-out
of cryotrap 1, to get highly sensitive and very accurate measurements of the
noble gases and their isotopes at three pressure levels in the atmosphere.

Phase 6: This is the final phase where the probe descends below the nomi-
nal pressure level. The mass spectrometer accumulates as many mass spectra
as possible before communications with the mother spacecraft are no longer
possible, because the spacecraft has moved over the horizon seen by the de-
scent probe. As mentioned above, this is expected to happen about 60 minutes
after measurements have initially begun. In this final, high cadence, mode, the
probe is expected to be able to record almost 30 mass spectra resulting in a
grand total of about 250 complete atmospheric mass spectra for the complete
descent.

The estimated accuracies to be obtained for the operations described above
are given in Table 5, which shows that the stated scientific requirements for
an atmospheric probe, see [61,2,3,18,93], can be met by such a system. In
addition to the mass spectrometric measurements, and independently from
it, the Tunable Laser Spectrometer and the Helium Abundance Detector will
sample the same atmospheric gas directly.

7 Conclusions

In this paper we reviewed mass spectrometry experiments as they pertain
to an atmospheric probe for Uranus and Neptune. Moreover, we reviewed
current mass spectrometry developments of neutral gas mass spectrometers
for space instrumentation, again for possible use on an atmospheric probe.
Missions to Uranus and Neptune pose severe limitations in resources available
to instrumentation, much more so than for the Galileo probe at Jupiter and
the Huygens probe at Titan, which restricts the choices for instrumentation.
We proposed a possible mass spectrometer experiment that would fulfill all the
stated science requirements, and is expected to provide even better results than
was possible for previous atmospheric probes, which is based on technology of
the late 1980-ties.
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