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Abstract

Uranus distinguishes itself from other planets in the Solar System with a range of remarkable
attributes, including a magnetosphere with a unique configuration, its quiescent atmosphere,
its heating imbalance, its dense and narrow rings, and its unusually dark and tectonically pro-
cessed icy satellites. Yet no mission to date has investigated either this ice giant or Neptune
from up close. A Uranus Orbiter and Probe has thus been identified as the highest-priority
new NASA Flagship mission for initiation in the decade 2023-2032. One invaluable instru-
ment on a Uranus probe is a mass spectrometer experiment that analyzes the planet’s chem-
ical composition in situ in real-time during the probe’s descent through the atmosphere. The
selection of a mass spectrometer experiment is profoundly driven by the scientific questions
the mission seeks to address and necessitates the accurate measurements of crucial elements
including their isotope ratios. In addition to fulfilling the posed science requirements, the
chosen experiment must adhere to stringent constraints such as mass, power, and size limi-
tations while also prioritizing speed, simplicity of operation, a high level of reliability, and
a completely autonomous operation. Here, we offer a succinct overview of the scientific ra-
tionale driving the Uranus probe mission, exploring various potential configurations for the
mass spectrometer experiment, detailing instruments that complement a mass spectrometer,
and discussing key factors that influence the mission’s profile. We also address the possi-
bility of a collaborative effort between NASA and ESA, which could play a pivotal role in
ensuring the successful development of this groundbreaking mission.

Keywords Uranus - Orbiter and probe - Descent probe - Instrumentation - Atmosphere -
Mass spectrometry - Ice giant
1 Introduction

Uranus is one of the least understood planets in the Solar System. The recently completed
Decadal Strategy for Planetary Science and Astrobiology 2023-2032 (National Academies
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of Sciences, Engineering, and Medicine 2023) selected a Uranus Orbiter and Probe (UOP)
as the top priority new Flagship mission for the upcoming decade “primarily for its ability
to produce transformative, breakthrough science across a broad range of topics” (ibid p.
618). This paper centers on the scientific insights a probe to Uranus could offer, discussing
the crucial role of a mass spectrometer in achieving these scientific objectives. We also
outline key factors to consider when planning a mass spectrometer experiment on board
such a probe to ensure it can effectively address the anticipated science questions. In short,
a Uranus probe can assist in answering two current key questions: (i) When, where, and
how did Uranus form and evolve? and (ii) What is the bulk composition of Uranus and
its depth dependence? In addition to the science objectives for Uranus, the giant planets
in general are natural planetary-scale laboratories for the study of fluid dynamics without
the complex effects of topography and ocean-atmosphere coupling. A mass spectrometer
experiment aboard a probe can contribute to addressing these scientific questions by offering
in situ measurements of chemical composition as a function of depth.

Indeed, mass spectrometers have a long and rich history in the robotic exploration of
our Solar System. The first neutral gas mass spectrometers to operate off-ground were two
magnetic mass spectrometers that were launched into Earth’s atmosphere on an Aerobee
rocket in 1963 (Nier et al. 1964). These mass spectrometers measured the Earth’s atmo-
spheric composition (detecting mainly N, and O) from 104 km up to 209 km. In the follow-
ing 60 years, mass spectrometers have traveled on a variety of planetary missions, includ-
ing missions to Mercury (BepiColombo), Venus (Pioneer Venus Multiprobe and Orbiter,
Vega 1 and 2, and Venera 4-14), the Moon (Apollo 15-17, Chandrayaan-1 and -2, LADEE,
and Luna Resurs), Mars (Viking 1 and 2, Phoenix, Mars Science Laboratory, Mars Orbiter
Mission, and MAVEN), Jupiter (Galileo), Saturn’s moon Titan (Cassini-Huygens), and to
comets 1P/Halley (Giotto) and 67P/Churyumov-Gerasimenko (Rosetta). Collectively, these
missions have significantly advanced our understanding of the celestial bodies that encom-
pass our Solar System. They have provided us with invaluable data regarding the distribution
of a diverse array of elements and molecules across our Solar System, encompassing atomic
hydrogen (H), molecular hydrogen (H,), deuterium (HD), helium isotopes (*He and “He),
noble gases (Ne, Ar, Kr, Xe), as well as essential compounds like oxygen (O and O,), nitro-
gen (N;), carbon monoxide (CO), carbon dioxide (CO,), methane (CH4), ammonia (NHj3),
water (H,0O), hydrogen sulfide (H,S), hydrogen chloride (HCl), and a variety of hydrocar-
bons. Notably, the list of species measured by the mass spectrometers on board Rosetta alone
contains more than 100 species (Le Roy et al. 2015; Rubin et al. 2019a). This wealth of in-
formation has not only expanded our knowledge of our Solar System but has also deepened
our insights into the atmospheric compositions of planetary bodies, informing us about the
formation, evolution, and dynamics of our celestial neighborhood, atmospheric processes
(e.g., climate and weather patterns), planetary interiors, and the origin of volatiles, includ-
ing water.

Even with the James Webb Space Telescope being in operation and planned future ex-
tremely large Earth-based telescopes (GMT, TMT, E-ELT), mass spectrometers will remain
key instruments in the in situ exploration of the ice giants Uranus and Neptune, which repre-
sent a largely unexplored class of planetary objects filling the gap in size between the larger
gas giants and the smaller terrestrial worlds. Our knowledge of Uranus is sparse since so far
the planet has never had a dedicated mission, but only a single short flyby by Voyager-2 in
the 1980s, and the information that can be inferred from ground-based observation is lim-
ited. Currently, there are thus many key open questions linked to the origin, evolution, and
internal structure of Uranus (see, e.g., Fletcher et al. 2022; Helled et al. 2020; Mousis et al.
2022; Helled and Fortney 2020; Guillot et al. 2020). Constraining the internal structure and
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atmospheric composition of Uranus can reveal fundamental information on its formation
and evolutionary path, and more generally on the origin of the solar system. The Galileo
probe measurements made at Jupiter perfectly represent the key measurements that cannot
be achieved via remote sensing. For instance, they have shown the unexpected enrichments
of Ar, Kr, and Xe with respect to their solar abundances (see Fig. 2), which suggests that the
icy building blocks accreted by the planet formed at temperatures possibly below ~50 K to
enable the trapping of these noble gases (Owen et al. 1999; Gautier et al. 2001; Mousis et al.
2009). Another key measurement is the determination of the helium abundance, which was
accomplished at Jupiter by using a dedicated Jamin interferometer that measured precisely
the refractive index of the atmosphere aboard the Galileo probe with an accuracy of 2% (von
Zahn et al. 1998). Such an accuracy on the He/H, ratio is impossible to derive remotely in
giant planet atmospheres and yet precise knowledge of this ratio is crucial for understanding
their internal structures and thermal evolution. The Voyager mission has already shown that
these ratios are far from being identical in the gas and ice giants, which would presumably
result from different thermal histories and internal processes at work (Helled et al. 2020).
As discussed in this paper, today’s mass spectrometers have the capability to measure the
helium abundance at the same level of accuracy. Another significant finding from the mass
spectrometer on the Galileo probe was its determination of Jupiter’s YN/'*N ratio, mea-
sured at (2.340.3) x 1073, This result indicates that the nitrogen currently found on Jupiter
likely originated from the solar nebula predominantly in the form of N, (Owen et al. 2001).
Remote-sensing observations, if possible, do not have the same accuracy, as illustrated by
the upper limit set on the >N/'“N ratio at Saturn (< 2.8 x 1073) by NASA’s Infrared Tele-
scope Facility (Fletcher et al. 2014).

Furthermore, despite the otherwise outstanding performances of the novel ground- and
space-based telescopes, remote sensing of giant planet atmospheres provides access to only a
limited range of altitudes depending on the used wavelength, summarized in Fig. 1. Ultravio-
let (UV) radiation is used to explore the upper atmosphere down to approximately 10~! mbar
in the thermosphere (Atreya et al. 2019). This range allows scientists to gather data primarily
on the various hydrocarbons produced by ongoing photochemical processes in the thermo-
sphere (Moses et al. 2018). Infrared (IR) radiation is used to study the photochemical layer,
with a probing depth that ranges from approximately 10—1000 mbar, depending on the spe-
cific species being observed. This method provides insights into the hydrocarbons formed
within this layer due to photochemistry. It also allows researchers to detect and analyze other
compounds such as carbon monoxide, hydrogen cyanide, and additional trace gases present
within this atmospheric zone. Visible radiation can be used to gather information down to the
tropospheric hazes and the uppermost layer of methane (CH4) clouds, which are expected
to be located within the pressure range of 0.2—1 bar (Hueso and Sanchez-Lavega 2019).
This range allows researchers to study atmospheric structures and weather patterns, offering
insights into cloud formation and dynamics at these deeper atmospheric levels. Microwave
opacity in an atmosphere is influenced by its chemical composition, allowing microwave
brightness measurements across a range of frequencies to be inverted to derive the abun-
dances of specific gases like ammonia (NHj3), water (H,0), and potentially hydrogen sulfide
(H,S). This method can be used to probe atmospheric depths at or below the cloud deck. The
Juno mission, for example, employed this approach to study Jupiter’s atmosphere (Bolton
et al. 2017). The vertical resolution of “nadir” remote sensing is limited to the width of the
contribution function, i.e., the range of altitudes contributing to the upwelling radiance at
a given wavelength, which can extend over one or more scale heights and makes it impos-
sible to uniquely identify the temperature and density perturbations associated with cloud
formation, wave phenomena, etc. In situ exploration of Uranus’ atmosphere by a descend-
ing atmospheric probe would provide direct sampling and “ground-truth” for the myriad of
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Fig.1 Information depth of various remote sensing spectroscopic techniques (blue), the microwave measure-
ments limited by the opacity of the atmosphere (Bolton et al. 2017), and the measurements of an atmospheric
probe assumed to operate down to the 20 bar level (green), in comparison with a model of Uranus’ atmo-
sphere and clouds from Hueso and Sanchez-Lavega (2019). Reproduced with permission from Hueso and
Sanchez-Lavega (2019), copyright by Springer

physical and chemical processes at work in their atmospheres with good vertical resolution.
A probe will provide direct measurements of pressure, temperature, and other physical pa-
rameters, and it will provide detailed chemical composition from mass spectrometry with
fine altitude resolution.

This paper aims to detail the primary considerations for implementing a mass spectrom-
eter experiment on a probe to Uranus and to propose a European-led probe that could po-
tentially be integrated into the UOP mission to Uranus. A UOP would contribute to several
priority science question topics as identified in the Decadal Survey (National Academies of
Sciences, Engineering, and Medicine 2023), in particular to Q7 (Giant planet structure and
evolution), Q8 (Circumplanetary systems), and Q12 (Exoplanets), but also to Q2 (Accretion
in the outer solar system), Q1 (Evolution of the protoplanetary disk), Q4 (Impacts and dy-
namics), and Q5 (Solid body interiors and surfaces), and, modestly, to Q10 (Dynamic Hab-
itability). Moreover, incorporating a mass spectrometer aboard the probe presents a unique
opportunity to delve into two crucial aspects. Firstly, it enables a comprehensive exploration
of atmospheric circulation within an ice giant, elucidating the dynamics from the interior
to the thermosphere. This entails resolving the composition and mapping of disequilibrium
species such as CHy, H,S, HY, C,H,, and C,Hj at depths of less than 3 bars. Secondly, it
facilitates an in-depth investigation into the formation and evolutionary journey of Uranus,
shedding light on its thermal and spatial evolution, including any migration phenomena. This
involves constraining noble gas abundances, encompassing isotopes of helium and xenon, as
well as elemental and isotope abundances of hydrogen, carbon, sulfur, nitrogen, and oxygen.

This paper is structured as follows: In Sect. 2, we present the scientific rationale behind
sending a probe to Uranus, which in turn informs the essential design driver for the mass
spectrometer experiment. Section 3 provides a comprehensive discussion of mass spectrom-
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eter systems in their entirety. This includes an examination of various options for the ion-
ization source, the mass analyzer, and the detector, all critical components of the experi-
ment. In Sect. 4, we highlight the potential for synergy between a mass spectrometer and
other instruments that could be part of a Uranus probe. These collaborative measurements
can significantly enhance our scientific understanding of the planet’s atmosphere, environ-
ment, and interior. Finally, in Sect. 5, we present a detailed proposal for the implementation
of a mass spectrometer experiment tailored to the unique requirements of a Uranus probe
mission. This proposal encompasses considerations related to probe entry and the poten-
tial complementarity with an atmospheric orbiter, offering a comprehensive vision for the
mission’s scientific objectives.

2 Science Motivation

Tables 1 and 2 provide a comprehensive overview of our current knowledge of the elemental
abundances and isotope ratios within the atmospheres of Jupiter, Saturn, Uranus, and Nep-
tune. Jupiter, thanks to the dedicated Galileo mission, stands as a shining example of the
wealth and accuracy of information we can obtain when a probe is dispatched into the atmo-
sphere of a giant planet. In contrast, Saturn, Uranus, and Neptune, which have yet to receive
dedicated probes, suffer from a significant paucity of information. The lone exception lies
in the C/H ratio of Saturn, which we have gleaned from Cassini’s observations. Tables 1
and 2 thus strikingly underscore the vast disparity between the knowledge gained from in
situ sampling during a planetary mission (i.e., Galileo probe at Jupiter) and that possibly
gained through remote observations from planetary missions (e.g., Cassini and Voyager)
and space-based telescopes (e.g., ISO, HST, and JWST) as well as Earth-based observato-
ries (e.g., IRTF and Gemini). Simultaneously, the tables poignantly expose our profound
gaps in understanding the compositions of the unprobed giant planets.

Measuring the elemental abundances in Uranus’ atmosphere by a probe not only provides
a boundary condition to interior models but can also discriminate among different formation
scenarios for Uranus. Planet formation models still struggle to explain the final mass and
composition of Uranus. Standard formation models cannot easily lead to the formation of
an intermediate-mass planet with a hydrogen-helium (H-He) mass fraction of ~10%. Often
the planets in this mass range have smaller H-He atmospheres, or, alternatively, they become
gas giant planets. Fine-tuning the formation models is required to get a planet that is similar
to Uranus in terms of its physical properties (e.g., Helled and Bodenheimer 2014; Valletta
and Helled 2022). Various solutions have been proposed that could overcome this challenge,
including formation at closer radial distances followed by outward migration, formation via
pebble accretion, and slow formation where the onset of gas accretion occurs during or after
the gas disk dissipation (see Helled et al. 2020 for further discussion). At the moment, no
theory provides a satisfactory solution for Uranus’ formation, and each solution has some
disadvantages.

A fundamental measurement is that of the helium abundance, which needs to be refined
at the level of the one performed in Jupiter’s atmosphere by the Galileo probe (see Table 1)
and compared to the protosolar value. Helium rain is unlikely to occur in Uranus (unlike in
the case of Saturn, and, probably, Jupiter) although this is still being investigated (Steven-
son and Salpeter 1977; Fortney and Hubbard 2004; Bailey and Stevenson 2021). If indeed
helium rain does not occur in Uranus, then a measurement of the helium abundance in the
atmosphere should be representative of the bulk composition, and therefore this measure-
ment can constrain the formation timescale of Uranus. One explanation of why Uranus did
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not reach runaway gas accretion, and therefore did not become a gas giant planet, is that
it formed slowly, on a timescale comparable to the disk’s lifetime, and by the time Uranus
started to accrete gas from the disk more efficiently, the disk began to dissipate (Helled and
Bodenheimer 2014; Valletta and Helled 2022; Helled 2023; Eriksson et al. 2023). In that
case, Uranus would be enriched with noble gases, and possibly, have a higher helium-to-
hydrogen ratio compared to the protosolar composition.

Another crucial measurement is the determination of the abundances of heavy noble
gases. Currently, it is unknown whether most of Uranus’ building blocks came from an outer
reservoir of pristine ices preserved from the protosolar molecular cloud, an inner reservoir of
crystalline ice, or an intermediate reservoir that was only moderately heated to a point where
all volatiles except water were vaporized. Measuring the noble gas abundances in Uranus’
atmosphere can thus help constrain the composition of Uranus’ building blocks (Mandt
et al. 2020). Additionally, by measuring the noble gas content in Uranus’ atmosphere and
comparing it to the measurements made by the Galileo spacecraft in Jupiter’s atmosphere
(as shown in Table 1), we can conduct the first “comparative planetology” in the outer Solar
System. This comparison can help determine whether the atmospheric compositions of the
two planets were influenced by the same enrichment processes and if this enrichment in
noble gases could be attributed to late-stage gas accretion (Guillot and Hueso 2006; Mousis
et al. 2020; Helled 2023).

A further key result would be the precise determination of the D/H ratio in Uranus, com-
plemented by the measurement of the He/*He ratio in its atmosphere, to provide further
constraints on the protosolar D/H ratio, which remains relatively uncertain (see Table 2).
Deuterium enrichment, observed by the Herschel space-based telescope in both Uranus
and Neptune, appears to be remarkably similar between the two planets. This elevated
deuterium-to-hydrogen ratio suggests that considerable mixing occurred between the pro-
tosolar H, and the H,O ice that the planets accreted (Feuchtgruber et al. 2013).

Moreover, the “N/'5N ratio presents large variations in the different planetary bodies in
which it has been measured (see Table 2 for instance), and consequently, remains difficult to
interpret. A 1-o lower limit for the '*N/"SN ratio has been found to be ~500 in Saturn’s am-
monia from TEXES/Infrared Telescope Facility ground-based mid-infrared spectroscopic
observations (Fletcher et al. 2014). This lower limit is formally consistent with the '“N/N
ratio (~435) measured by the Galileo probe at Jupiter (Owen et al. 2001) and implies that
the two giant planets were essentially formed from the same nitrogen reservoir in the nebula,
which is N, (Owen et al. 2001; Fletcher et al. 2014; Mousis et al. 2014). Measuring '“N/"°N
in the atmospheres of Uranus and Neptune would provide important insights into the origin
of the primordial nitrogen reservoir in these planets.

The isotopic measurements of carbon, oxygen, and noble gases should ideally reflect
their primordial values. For instance, minimal variations are typically observed in the
12C/13C ratio across different celestial bodies and molecules within the Solar System. As
indicated in Table 2, the ratios measured in the atmospheres of Jupiter and Saturn align
closely with the terrestrial value of 89 (Niemann et al. 1998; Fletcher et al. 2009a). A novel
in situ assessment of this ratio in Uranus and/or Neptune would be invaluable in corrob-
orating whether their carbon isotopic ratio also mirrors that of Earth. The Galileo probe’s
measurements in Jupiter’s atmosphere revealed that the heavy noble gas isotope ratios are
protosolar. Measuring the heavy noble gas isotope ratio in Uranus’ atmosphere would help
determine if the heavy noble gases in the ice giant’s atmosphere share a common nucleosyn-
thetic source, similar to the xenon in comet 67P/Churyumov-Gerasimenko, as inferred from
Rosetta’s isotope measurements (Marty et al. 2017).

We refer the reader to the review of Mousis et al. (2022) for further discussion about the
key isotope and element abundances to be measured in Uranus.
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Our understanding of the ice giants in our solar system, Uranus and Neptune, is notably
limited. A future mission to Uranus, equipped with a mass spectrometer, must aim to address
this knowledge gap. The mission should seek to capture the same level of detail and accuracy
in its data as we’ve achieved with Jupiter, helping to close the gaps in our understanding of
elemental abundances for these planets.

At the same time, it should be kept in mind that there are caveats associated with the mea-
surements and their link to planet formation due to the complex and somewhat degenerate
nature of the problem. Distinguishing between formation processes in the outer disk and the
accretion of building blocks from outer regions is challenging, complicating the determina-
tion of whether a planet formed slowly or simply late. Additionally, a probe’s measurements
are limited to the outermost layer of the atmosphere, which might not fully represent the
planet’s bulk composition. Despite these caveats, obtaining detailed atmospheric composi-
tion data from Uranus is crucial for advancing our understanding of the planet’s character-
istics and will provide valuable insights into its interior structure, evolutionary history, and
origin.

3 Mass Spectrometer Experiment

Mass spectrometers allow direct identification and quantification of atoms and molecules
present in a given sample of the atmosphere. As such, they operate in situ, providing ground
truth about the local environment without the necessity of complicated inference as, for
example, remote sensing requires. Moreover, when interpreting mass spectrometric mea-
surements, degeneracy poses a significantly lesser concern compared to its impact on spec-
troscopic measurements. On the downside, mass spectrometers can only analyze their im-
mediate vicinity, requiring them to be placed within the environment of interest. An in situ
atmospheric probe for Uranus would thus offer an ideal platform for conducting mass spec-
trometry and precisely analyzing the composition of Uranus’ atmosphere.

A mass spectrometer experiment designed to analyze the atmosphere of a giant planet
during a probe’s descent consists of four key components: a sample introduction system,
an ionization source, the mass analyzer itself, and the detector. In the following, we will
discuss each component separately, before we make a suggestion for a mass spectrometer
experiment suitable to a Uranus probe in Sect. 5.
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Table 1 Elemental abundances in Jupiter, Saturn, Uranus, and Neptune, as derived from upper tropospheric
composition measurements

Elements Jupiter Saturn Uranus Neptune

He/HD  (7.85+£0.16) x 1072 (6.7541.25) x 1072 (8.88£2.00) x 10~2  (8.96 + 1.46) x 1072
Ne/H®  (1.240 £0.014) x 1075 - - -

AvH®  (9.10+1.80) x 1076 - - -

KrH®  (4.65+085) x 1079 - - -

Xe/H®)  (4.45+0.85) x 10710 — - -

CH®  (1.19+029) x 1073 (2.65+£0.10) x 1073 (0.6—32)x 1072 (0.6 —3.2) x 1072
NH?D  (332+£127)x 1074 (0.50 —2.85) x 1074 - -

OH®  (245+080) x 1074 - - -

OH®  (145t33h x 1073 - -

SH10  (4454+1.05) x 1075 - (5-12.5)x 1076 (2.0-6.5) x 1070
PHID  (1.08+£0.06) x 1070 (3.644+0.24) x 1070 — -

(M yon Zahn et al. (1998), Niemann et al. (1998) for Jupiter, Conrath and Gautier (2000) for Saturn, Conrath
et al. (1987) for Uranus and Burgdorf et al. (2003) for Neptune. We only consider the higher value of the
uncertainty on He in the case of Neptune. @-5) Mahafty et al. (2000) for Jupiter. © Wong et al. (2004)
for Jupiter, Fletcher et al. (2009a) for Saturn, Lindal et al. (1987), Baines et al. (1995), Karkoschka and
Tomasko (2009), Sromovsky et al. (2014) for Uranus, Lindal et al. (1990), Baines et al. (1995), Karkoschka
and Tomasko (2011) for Neptune. W) Wong et al. (2004) for Jupiter, Fletcher et al. (2011) for Saturn (N/H
range derived from the observed range of 90-500 ppm of NH3). ® Wong et al. (2004) for Jupiter (Galileo
probe determination, probably a lower limit, not representative of the bulk O/H). ® Li et al. (2020) for
Jupiter (Juno determination). (10) Wong et al. (2004) for Jupiter, lower limits for Uranus Irwin et al. (2018)
and Neptune Irwin et al. (2019). (1D Fletcher et al. (2009b) for Jupiter and Saturn.

3.1 Sample Introduction System

The operating conditions for a mass spectrometer, including its sample inlet choice, are con-
tingent on the ambient pressure. When the ambient pressure remains below approximately
~107% mbar, the instrument can employ a direct gas inlet. However, if the ambient pressure
exceeds this threshold, typically at or above 10~® mbar, integration of the mass spectrometer
into a vacuum system becomes necessary. This integration, in turn, mandates the implemen-
tation of a sophisticated sample inlet subsystem. A suitable sample inlet subsystem for a
mass spectrometer experiment on board a Uranus probe is proposed in Sect. 5.

3.2 lonization Source

Since all mass spectrometers use some kind of electromagnetic field to separate ions of dif-
ferent masses, ionization of the neutral gas is necessary. Various techniques can be employed
for ionization, with the most common methods used for gaseous samples being electron-
impact ionization, photo-ionization, chemical ionization, and field ionization. For further
information on ionization sources, please see Ashcroft (2007).

Electron lonization: In electron ionization (also referred to as electron-impact ionization),
low-energy electrons are directed toward the neutral gas. These incoming electrons typically
carry energies ranging from 70 to 100 eV, well surpassing the ionization potential of most
atoms and molecules, which falls below 25 eV, and often is around 10 eV. In this process,
the incoming electron dislodges one or more electrons from the neutral atom or molecule,
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Table 2 Isotope ratios measured in Jupiter, Saturn, Uranus, and Neptune

isotope ratio Jupiter Saturn Uranus Neptune

D/H (in Hp)(" (2.60£0.7) x 1075 1.70%073 x 1075 (44 +04) x 1075 (4.1+04) x 107°
SHe/*He® (1.66 £ 0.05) x 1074 - - -

12¢/B3¢ (incH)® 92,6143 91.878:2 - -

H4N/I5N (in NH3)@ 434.878 > 357 - -

20Ne/?2Ne® 1342 - - -

3 Ar/8 Ar©® 56+£025 - - -

136X e/total Xe'”) 0.076 + 0.126 - - -
134Xe/total Xe® 0.091 £ 0.074 - - -
132X e/total Xe(® 0.290 + 0.068 - - -
Blxe/total Xe(!® 0203 + 0.088 - - -
130xe/total Xe(!)  0.038 + 0.138 - - -
129%eftotal Xe(!?  0.285 + 0.075 - - -
128xXe/total Xe(!3)  0.018 + 0.094 - - -

M Mahafty et al. (1998) for Jupiter, Lellouch et al. (2001) for Saturn, Feuchtgruber et al. (2013) for Uranus
and Neptune.

() Mahaffy et al. (1998) for Jupiter.

() Niemann et al. (1998) for Jupiter, Fletcher et al. (2009b) for Saturn.
@ Wong et al. (2004) for Jupiter, Fletcher et al. (2014) for Saturn.
(5=13) Mahaffy et al. (2000) for Jupiter.

resulting in its conversion into a positive ion. Electron impact ionization is renowned for its
high efficiency and simplicity; however, it is classified as a “hard ionization” technique be-
cause in addition to ionizing the parent molecule it also causes significant fragmentation of
the molecule, thus adding fragment ions to the mass spectra. This occurs because the elec-
tron energy used is much higher than the ionization potential of the atoms and molecules. As
aresult, some of this excess energy is transferred to the molecules, leading to the break-up of
many parent molecules into fragment ions. Even though fragmentation is usually undesired,
the fragments may offer information on the chemical structure of molecules, for example on
isomers. Interpreting electron ionization mass spectra, including the fragment ions, is a very
established technique in mass spectrometry (e.g. McLafferty and Turecek 1993).

Photo-lonization: In contrast to electron impact ionization, photo-ionization employs a pho-
ton beam to achieve ionization. For this process to occur successfully, the photons used must
possess energy equal to or larger than the ionization potential, leading to the common use
of UV photons for atoms and molecules with ionization potentials exceeding ~5 eV. It’s
worth noting that photo-ionization cross-sections tend to be typically 10—100 times smaller
than their electron-impact ionization counterparts, which makes this method less efficient.
To compensate for this, more intense photon sources are required, typically laser sources.
On the plus side, this ionization technique falls under the category of “soft ionization” since
it keeps the parent molecules mostly intact and generates only few fragment ions during the
process.

Chemical lonization: Chemical ionization is a technique where neutral gas is ionized
through ion-molecule reactions in the presence of a large excess of an ionizing gas providing
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reactants (Harrison 2017). Frequently used gases for chemical ionization include methane,
isobutane, and ammonia, all of which generate positive ions. This method is known for
producing minimal ion fragmentation, making it particularly valuable for ionizing larger
molecules. Consequently, it falls under the category of “soft ionization.” However, chemical
ionization comes with larger experimental complexity, as a supply of the ionizing gas needs
to be provided and the reactants have to be formed in the ionizing gas. Moreover, the typical
reactant gases are the same as some of the species to be investigated in Uranus’ atmosphere,
thus rendering this ionization method less suitable to this case.

Field lonization: Field ionization mass spectrometry can detect molecules that are volatile
in vacuum, or which form during pyrolysis in vacuum. The method works by passing
molecules in the gas phase through a strong electric field between a sharp point or edge and
an earthed electrode (Beckey 1970). Field ionization is notable for its capacity to not only
minimize the production of fragment ions and but also to reduce the generation of excited
ions compared to other ionization techniques. However, excited molecular ions can frag-
ment later as they move through the mass analyzer, resulting in signals appearing in random
locations within the mass spectrum. This unwanted noise is referred to as chemical noise in
mass spectrometry. To achieve the necessary high electric field strength for field ionization,
filaments with numerous micrometer-sized whiskers are employed. However, this method
presents some unique experimental challenges. Given the substantial geometrical extent of
the array of whiskers, the high field strengths, and the small ion yield for a given sample,
this ionization technique requires specialized ion-optical elements for effective ion collec-
tion and focusing into the mass analyzer.

3.3 Mass Analyzer

For the mass analyzer itself, a range of types is available, each tailored for specific appli-
cations. The most widely used types are magnetic sector mass analyzers, quadrupole mass
analyzers, time-of-flight mass analyzers, ion trap mass analyzers, and Orbitrap mass ana-
lyzers. It’s important to note that among these five, only the first four have been used in
space missions, demonstrating flight heritage. An additional noteworthy aspect regarding
the flight adaptability of these mass spectrometers is that many of the models used in space
missions have primarily focused on measuring thin atmospheres. While the mass analyzers
themselves remain relevant for a Uranus probe, the higher density of its atmosphere poses
additional challenges, necessitating supplementary systems such as a vacuum system, an
adapted gas inlet, and a tailored mission profile.

In the following paragraphs, we will provide a concise overview of each mass analyzer
type, enumerate the missions that have incorporated them (excluding Earth missions), and
outline the distinct advantages and limitations associated with each type in view of an ap-
plication on an atmospheric probe. Table 3 provides an assessment of the different types of
mass analyzers discussed herein, with a focus on their suitability for a Uranus probe. This
evaluation outlines the pros and cons of each type, helping to determine which mass ana-
lyzer is most appropriate for the unique conditions encountered during a mission to Uranus.
References for the different mass spectrometer types are given at the end of each paragraph.
Readers are encouraged to also consult Arevalo et al. (2020) and Chou et al. (2021), two
comprehensive papers that delve into the intricacies of mass spectrometry in space explo-
ration, including thorough discussions on past flown mass spectrometers.

@ Springer



Mass Spectrometer Experiment for a Uranus Probe

Page 11 of 37 64

Table 3 Evaluation of pros and cons of the major mass spectrometer types in view of an application on the
Uranus atmospheric probe

Pros

Cons

Magnetic Sector

Quadrupole

Time-of-flight

Ton trap

- high mass resolution possible
(m/Am ~ 9,000)

- sufficient mass range for atmospheric
probe

- high accuracy isotope measurements
- electronics comparatively simple

- ample flight heritage

- unit mass resolution (m/Am ~ 100-150)
- sufficient mass range for atmospheric
probe

- good sensitivity for certain applications

- simple, robust method

- compatible with many ion sources

- ample flight heritage

- high mass resolution
(m/Am ~5,000-50, 000)

- large mass range (limited only by size of
memory)

- high dynamic range and sensitivity
- capable of measuring isotope ratios

- no mass scanning (complete mass spectra
at high cadence)

- compatible with many ion sources

- ample flight heritage

- medium mass resolution
(m/Am ~ 1001, 000)

- ion manipulation and ion selection
possible

- storage of ions possible

- coupling to other mass spectrometers
possible

- flight heritage

- large size and mass
- need for magnet

- mechanically complex

- either high transmission or mass
resolution

- scanning instrument (complete mass
spectra at low cadence)

- either high sensitivity or mass resolution

- sensitivity depends highly on electronic
settings

- sensitivity is mass-dependent
- susceptible to pollution of the ion optics

- scanning instrument (complete mass
spectra at low cadence)

- complicated electronics
- very high data rate

- need for onboard data processing

- external ion source complicated (requires
ion trap insertion)

- space charge limits dynamic range and
isotope measurements

- sensitivity depends on settings

- sensitivity is mass-dependent

- susceptible to pollution of the ion optics

- scanning instrument (complete mass
spectra at low cadence)

Magnetic Sector Mass Spectrometers: Magnetic sector field mass spectrometers rely on
magnetic fields, sometimes in combination with electric fields, to segregate and analyze
ions (Benninghoven et al. 1987). Within the instrument, charged particles experience a
force exerted by these fields, guiding them along curved trajectories determined by their
mass-to-charge ratio (m/z). The instrument’s geometry and precisely calibrated magnetic
field strength ensure that only ions with specific m/z ratios reach the detector. Fine-tuning
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Table 3 (Continued)

Pros Cons
Orbitrap - very high mass resolution (m/A m - needs very highly stable high voltage

~500,000)

- very small volume of mass analyser - small ion-optical phase space

- low sampling frequency - requires complicated ion optics for ion
transfer

- low mass of mass analyser - needs phased operation (ion production,
insertion, measurement, and instrument
cleaning)

- low power demands - requires a high level of mass calibration
when high mass accuracy is needed

- positive and negative ions measurable - dynamic range limited by space charge
and Fourier transform principle

- all ions analyzed simultaneously - difficult to obtain isotope ratios

- no detector, thus no detector degradation - no flight heritage

the magnetic field strengths, or the ion energy, permits the selective detection of ions with
varying mass-to-charge ratios. In essence, only ions with the correct momentum reach the
detector while ions with incorrect momentum are effectively prevented from doing so. Fur-
thermore, by adding an electrostatic sector in the ion-optical system, ions can undergo fur-
ther sorting based on their kinetic energy. This enables only ions with a specific energy
level to pass through the instrument, adding another layer of selectivity and control to the
analysis.

Magnetic sector mass spectrometers provide adequate coverage of the required mass
range for a Uranus probe, offering high mass resolution and, consequently, high accuracy for
isotope measurements. The electronics operating such systems are relatively straightforward
when compared to other mass spectrometer types, and magnetic field mass spectrometers
have a well-established history of successful deployment in space missions. Limitations of
this mass spectrometer type are that they come with substantial size and mass requirements,
and necessitate the incorporation of magnets, which introduce their own set of challenges.
Moreover, magnetic sector mass spectrometers cannot optimize for both ion transmission
and resolution at the same time. Finally, to obtain a comprehensive mass spectrum, a mass
scan is required, which is a time-consuming process for these instruments. This character-
istic makes magnetic sector mass spectrometers less suitable for a Uranus probe mission,
where speed and efficiency are crucial due to the constraints of the mission profile.

Magnetic sector MS have flown on Apollo 15 through 17 (LACE Hoffman et al. 1972,
1973) to the Moon, on Phoenix (TEGA Hoffman et al. 2008) and on Viking 1 & 2 (GCMS
Nier and McElroy 1977; Rushneck et al. 1978) to Mars, on the Pioneer missions (BNMS,
LNMS Taylor et al. 1980) to Venus, on Giotto (NMS Krankowsky et al. 1986; Balsiger et al.
1987) to comet 1P/Halley, and on Rosetta (ROSINA Balsiger et al. 1998, 2007; Glassmeier
et al. 2007; Wurz et al. 2015; Rubin et al. 2019b) to comet 67P/Churyumov—Gerasimenko.

Quadrupole Mass Spectrometers: Quadrupole mass spectrometers employ a combination of
static and dynamic electric fields, created by four cylindrical or hyperbolic rod electrodes
arranged in parallel at equidistant positions from a central axis (Dawson 1979). This config-
uration serves to separate and analyze ions based on their mass-to-charge ratio (m/z). Within
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the quadrupole, ions undergo periodic oscillations in response to the electric fields gener-
ated by the rods. These oscillations permit only ions with specific m/z ratios, matching the
analyzer’s predefined settings, to follow stable trajectories as they traverse the rod system
and eventually reach the detector. Ions possessing different m/z values experience unstable
trajectories, leading to collisions with the rod system. To cover a range of mass values, simi-
lar to magnetic sector field mass spectrometers, it is essential to perform a mass scan. This is
achieved by adjusting the voltages applied to the quadrupole rods, enabling the instrument
to selectively analyze ions across the desired mass range.

Quadrupole mass spectrometers offer a straightforward and reliable approach for in situ
analysis of Uranus’ atmosphere. They encompass an adequate mass range and deliver the
required mass resolution for the mission’s objectives. Additionally, quadrupole mass spec-
trometers exhibit commendable sensitivity to Uranus’ atmospheric gases, offer compatibility
with various ion sources, and have a robust track record in previous space missions. Draw-
backs of quadrupole mass spectrometers include the fact that they can optimize either sensi-
tivity or mass resolution, but not both simultaneously. Moreover, their sensitivity is subject
to electronic settings and mass-dependent variations, and they are vulnerable to contamina-
tion of the ion optics. Finally, akin to magnetic sector mass spectrometers, quadrupole mass
spectrometers operate as scanning instruments, which do not align optimally with the mis-
sion profile of a descending probe characterized by a one-time, time-constrained mission.

Quadrupole mass spectrometers have a long history in planetary research. They have
been included in the Pioneer missions (ONMS Colin 1979; Niemann et al. 1980; Taylor
et al. 1980) and on the Venera 5 to Venera 14 missions (OVSP, VNMS Istomin et al. 1980;
Istomin 1982) to Venus, on Galileo (GPMS Niemann et al. 1992) to Jupiter, on Cassini-
Huygens (GCMS, INMS Niemann et al. 2002, 2005, 2010; Waite et al. 2004) to Titan, on
Chandrayaan-1 (CHACE Sridharan et al. 2010) and LADEE (NMS Mahafty et al. 2014) to
Earth’s Moon, and on Mars Orbiter Mission (MENCA Bhardwaj et al. 2016), Mars Science
Laboratory (SAM/QMS Mabhafty et al. 2012), and MAVEN (NGMS Mahaffy et al. 2015) to
Mars.

Time-of-Flight Mass Spectrometers: Time-of-flight mass spectrometers operate by precisely
measuring the flight time of ions, all accelerated to the same kinetic energy, as they traverse
a defined distance (Cotter 1997). Initially, these ions are accumulated within an ion storage
region before being propelled into a drift region by an extraction pulse (Abplanalp et al.
2010). Inside the drift region, ions undergo separation based on their mass-to-charge ratio
(m/z). This separation process results in lighter ions reaching the detector ahead of their
heavier counterparts, where each ion’s time of flight directly corresponds to the square root
of its m/z value. By meticulously recording the arrival times of ion packets at the detector,
the instrument generates a mass spectrum. This capability allows for the simultaneous and
comprehensive analysis of all species without the necessity of individually scanning through
distinct mass lines.

Time-of-flight mass spectrometers offer high sensitivity, achieved through a robust ion-
optical analyzer system, a wide dynamic range that enables precise measurement of isotope
ratios, and a substantial mass range, often constrained only by the instrument’s memory ca-
pacity. Similar to quadrupole mass spectrometers, time-of-flight mass spectrometers can uti-
lize a variety of ionization sources. Furthermore, a significant benefit of time-of-flight mass
spectrometers is their non-scanning operation, rendering them very well-suited for mission
profiles involving the atmospheric descent of a Uranus probe. However, time-of-flight mass
spectrometers have some drawbacks. They require fast electronics, which can be more com-
plex to manage, and they produce data at a rapid rate, necessitating robust onboard data
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processing to handle the large volume of information. Fortunately, space-rated high-speed
Analog-to-Digital Converters (ADCs) with GSample/sec sampling rates are now available to
support the needs of time-of-flight instruments. Additionally, space-rated high-speed Field-
Programmable Gate Arrays (FPGAs) offer the processing power required to manage these
high data rates, helping to mitigate this challenge to some extent. Despite these solutions,
transmitting the large quantity of data produced by time-of-flight mass spectrometers to
Earth remains a significant challenge.

Time-of-flight mass spectrometers have flown on Vega 1 and Vega 2 (ING; Curtis et al.
1987) to comet Halley and Venus, on BepiColombo (STROFIO; Orsini et al. 2010; Gurnee
et al. 2012; Orsini et al. 2021) to Mercury, on Luna Resurs (NGMS; Wurz et al. 2012; Hofer
et al. 2015; Fausch et al. 2018) to the Moon, on Rosetta (RTOF and COSAC; Balsiger et al.
1998; Scherer et al. 2006; Balsiger et al. 2007; Glassmeier et al. 2007; Goesmann et al.
2007, 2015) to comet Churyumov-Gerasimenko, and on JUICE (NIM; Barabash et al. 2013;
Meyer et al. 2017; Fohn et al. 2021) and on Europa Clipper (MASPEX; Brockwell et al.
2016; Miller et al. 2022; Waite et al. 2024) to Jupiter’s icy moons.

lon Trap Mass Spectrometers: Ion trap mass spectrometers operate by capturing and manip-
ulating ions through the application of three-dimensional quadrupolar electrodynamic fields
generated by designated electrodes (Dawson 1979; Hughes et al. 2005). Ion traps are ver-
satile instruments capable of capturing, confining, selectively ejecting, and isolating ions
within their confines. To generate a mass spectrum, the radio-frequency voltages applied
to the ion trap electrodes are scanned. This scanning process excites the ion trajectories of
specific m/z ions, subsequently leading to their sequential ejection based on their mass-to-
charge ratio (m/z). Ion traps exist in two primary forms: 2D and 3D ion traps. In 2D ion
traps, ions are confined along a linear path, whereas 3D ion traps concentrate ions near the
central point of the ion trap (also known as Quistors).

ITon trap mass spectrometers possess the ability to trap ions, allowing for their manipula-
tion and selective analysis, as well as enabling ion accumulation to enhance the quality of
statistical data. Ion trap mass spectrometers provide higher mass resolutions than quadrupole
mass spectrometers, comparable to time-of-flight systems. In addition, ion trap mass spec-
trometers can be coupled to other mass spectrometers, making them especially useful in
tandem mass spectrometry. Despite their relatively recent introduction to the mass spec-
trometry family, ion trap mass spectrometers have acquired flight heritage through their in-
clusion on Rosetta’s Philae lander to comet 67P/Churyumov-Gerasimenko. The drawbacks
of ion trap mass spectrometers include a somewhat intricate ionization process, limitations
in dynamic range due to space charge effects in the ion trap (which limit isotope measure-
ments), as well as sensitivity dependence on mass and instrument settings (Dawson 1979;
Hughes et al. 2005). Additionally, they are susceptible to contamination of the ion-optical
elements. Furthermore, akin to magnetic sector and quadrupole mass spectrometers, ion trap
mass spectrometers operate as scanning instruments, which does not align optimally with
the requirements of a Uranus probe.

Only one ion trap mass spectrometer has so far flown to space: the 3D ion trap instru-
ment Ptolemy (Wright et al. (2007)) on the Philae lander of the Rosetta mission to comet
67P/Churyumov-Gerasimenko. Furthermore, a 2D ion trap mass spectrometer is part of the
Mars Organic Molecule Analyzer (MOMA) experiment on the ExoMars rover scheduled to
fly to Mars in 2028 (Goesmann et al. 2017).

Orbitrap Mass Spectrometers: Orbitrap mass spectrometers employ an electrostatic ion trap
detection technique (Hu et al. 2005; Makarov et al. 2009), akin to ion cyclotron resonance
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mass spectrometers. Within the Orbitrap, ions are confined by a quadrologarithmic electric
potential, facilitating stable oscillations along the ion-optical axis as the ions orbit around a
central spindle electrode. The frequency of these axial oscillations corresponds to the m/z
values of the ions. As the ions undergo axial oscillations, they induce an image current on
the outer electrodes of the Orbitrap. The induced image current is meticulously recorded
as a time-domain signal by sensitive electronic detectors. Subsequently, this time-domain
signal is transformed into a frequency spectrum using the Fourier transform, which can be
converted to a mass spectrum, allowing for precise determination of the ions’ masses and
their relative abundances.

Orbitrap mass spectrometers offer exceptional mass resolution within the resources avail-
able in space flight. They can fairly easily switch between measuring positive or negative
ions. Orbitraps do not need a dedicated detector, thereby mitigating the risk of detector
degradation. However, they need highly sensitive pre-amplifiers to record the image current
on the detection electrodes. Moreover, they demand very stringent high-voltage stability to
achieve the high mass resolution and absolute mass determination, have limited ion-optical
phase space, require intricate ion optics for efficient ion collection and transfer, and oper-
ate in phases that reduce overall usable measurement time. These instruments achieve high
mass accuracy through mass calibration, but they are limited in dynamic range due to space
charge effects and the Fourier transform principle (Grinfeld et al. 2019). One common is-
sue with Orbitrap instruments is mass fractionation within the ion-optical system, which
prepares the ions for analysis. As a result, extended integration times—often on the order
of minutes—are required for accurate measurements. Isotope measurements with Orbitrap
mass spectrometers have been reported only in a few instances, typically using laboratory-
size high-end Orbitrap instruments (Hoegg et al. 2016,b; Eiler et al. 2017) or the very similar
Fourier transform instruments (Spell et al. 1993; Barshick et al. 1998). For isotope analysis,
it is typically necessary to isolate the isotope pair of interest in the Orbitrap analyzer and
eject all other ions, further complicating the process. Given the limitations on a space in-
strument, isotope measurements on an Uranus probe are likely not feasible with an Orbitrap
instrument.

No Orbitrap mass spectrometer has today flown on a space mission so far.

3.4 Detector

Mass spectrometrs employ a variety of detectors to capture and quantify ion signals, with
some of them specialized for the specific needs of the mass analyzer. Commonly used detec-
tors include Faraday cups and secondary electron multipliers. For the latter, there are channel
electron multipliers, discrete dynode detectors, multichannel plates, and multisphere plates.
Additional requirements may dictate the use of fast detectors (e.g., for time-of-flight mass
spectrometers), imaging detectors (e.g., for magnetic sector systems), and solid-state detec-
tors (e.g., for high-energy mass spectrometers like accelerator mass spectrometers). These
detectors will be discussed briefly below while a comparison of their speed and gain, two of
the most relevant parameters for mass spectrometers, is given in Fig. 3.

Faraday Cups: Faraday cup detectors function by having ion packets strike a metal surface,
which then accumulates a small net charge as the ions neutralize on the detector’s surface.
Subsequently, the metal is systematically discharged through measurement electronics, al-
lowing for the measurement of a small electric current directly proportional to the number
of registered ions per second. These detectors provide high accuracy in signal quantification,
as the measured current directly corresponds to the ion current. Faraday cups are robust and
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exhibit no mass discrimination. However, they have very slow response times (ms to s time
scale) and much lower sensitivity compared to other detectors. They often serve as reference
detectors for calibration of mass spectrometers, mostly for magnetic sector instruments (e.g.
Balsiger et al. 2007), recently also for a time-flight mass spectrometer (Waite et al. 2024),
and possibly for quadrupole mass spectrometers.

Secondary Electron Multipliers: Secondary electron multipliers (SEMs) leverage the release
of electrons from a solid surface when an energetic ion impacts it. In these detectors, this
process triggers a cascade of secondary electrons, resulting in signal amplification with gains
of up to 108. Electron multipliers come in both discrete (e.g., dynodes) and continuous vari-
ants (e.g., micro channel plates; MCPs), offering high sensitivity, even down to the level
of single ion detection. They provide a linear response to the quantity of ions in a packet
over a wide dynamic range and offer adjustable gain. However, at high extracted charges,
such as high gain and/or high count rates, electron multipliers may deviate from linearity
due to saturation effects. Additionally, they may exhibit slight mass discrimination effects
stemming from the initial secondary electron release at the entrance electrode. Furthermore,
these detectors require low ambient pressure environments (better than 10~ mbar) due to
their high-voltage operation. MCPs are often also used when fast detectors are required, as
they can provide sub-nanosecond pulses for the detection of a single ion (e.g. Wurz and
Gubler 1994, 1996). They are well-suited for capturing rapid processes and events in mass
spectrometry experiments, providing high temporal resolution, and are typically needed for
time-of-flight mass spectrometers (e.g. Scherer et al. 2006; Wurz et al. 2012). In addition,
MCPs can be utilized as so-called imaging detectors, where not only the time but also the
location of ion arrival on the detector surface is recorded by specialized anodes of the de-
tector. These detectors are capable of detecting single particles and provide valuable spatial
information alongside mass spectrometric data. For example, the magnetic sector mass spec-
trometer of the ROSINA experiment used an imaging detector (Berthelier et al. 2002).

Solid-State Detectors: Solid state detectors register single ions, and measure the ion’s en-
ergy by collecting the charge carriers released by the ion in the semiconductor material
placed between two electrodes. When ions strike the semiconductor, they create free elec-
trons and electron holes. The number of electron-hole pairs produced is directly proportional
to the energy of the ions. This leads to electrons moving from the valence band to the con-
duction band, creating an equal number of holes in the valence band. When an electric field
is applied, electrons and holes move toward the respective electrodes, generating a measur-
able charge pulse in an external circuit. Since the energy required to create an electron-hole
pair is constant, measuring the number of these pairs allows the energy of the ionizing radia-
tion to be calculated. By analyzing these pulses, scientists can determine the mass-to-charge
ratio, energy, and arrival time of the ions. Solid-state detectors, in addition to registering a
particle, also measure its energy. This capability is valuable in accelerator mass spectrome-
ters for resolving isobaric interferences, even at single-particle detection levels.

4 Synergies with Other Instruments

A mass spectrometer aboard a dedicated Uranus probe would enable the measurement of the
planet’s local chemical and isotope composition during its descent, aligning with the scien-
tific inquiries outlined in Sect. 2. Note, that the mass spectrometer only provides information
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on the upper part of the planet’s atmosphere down to the operation altitude (actually, the op-
eration pressure range) of the descending probe. Interpreting these measurements in relation
to Uranus’ formation, evolution, and internal structure necessitates elaborate models. Also,
a good understanding of the atmosphere-interior interaction in Uranus is desirable.

In addition, it is important to recognize that a mass spectrometer experiment could greatly
enhance its scientific value through collaboration with a diverse range of complementary in-
struments, facilitating a comprehensive study of the planet’s atmosphere and composition.
In this context, we suggest a suite of potential additional instrumentation for the probe. The
proposed instrumentation is generally in line with the equipment suggested in the Decadal
Survey (National Academies of Sciences, Engineering, and Medicine 2023), but it is slightly
more comprehensive. In addition to the mass spectrometer, the Decadal Survey suggests in-
cluding an atmospheric structure instrument, an ortho-para hydrogen sensor, and possibly
an ultra-stable oscillator. However, it does not specifically call for other instruments like a
nephelometer, a net-flux radiometer, a helium abundance detector, or a tunable laser spec-
trometer, which we propose including in our instrumentation suite.

In addition to the science questions a mass spectrometer can address independently, par-
ticularly concerning Uranus’ origin, its synergy with other proposed instruments would help
answer further questions, such as (i) what is the 3D atmospheric structure in the weather
layer (with the atmospheric structure instrument, the H, ortho-para instrument, and the
ultra-stable oscillator), (ii) what is the bulk composition and its depth dependence (with
the ultra-stable oscillator), (iii) does Uranus have discrete layers or a fuzzy core and can
this be tied to its formation and tilt (with the ultra-stable oscillator), (iv) what is the true
rotation rate of Uranus, does it rotate uniformly, and how deep are the winds (with the ultra-
stable oscillator), and (v) what dynamo process produces Uranus’ complex magnetic field
(with the ultra-stable oscillator). Furthermore, synergistic measurements between the mass
spectrometer experiment and the H, ortho-para instrument could help further constrain the
atmospheric circulation from the interior to the thermosphere and help answer the question
of when, where, and how Uranus formed and how it evolved both thermally and spatially.

In a broader context, integrating the proposed instrumentation collaboratively aims to
address key questions about Uranus’ origin. It will explore issues like the planet’s formation
in the protosolar nebula, whether it migrated or exchanged positions with Neptune, and the
possible impact of a giant collision in tilting Uranus and altering its interior structure. Be-
yond these formation questions, the instrumentation will also investigate ongoing processes,
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such as heat and energy transport mechanisms, and examine how external factors affect the
planet. Additionally, the proposed approach will contribute to a deeper understanding of
the formation and evolution of ice giant-mass planets in exoplanetary systems, revealing
interconnections between these processes and the broader universe.

Atmospheric Structure Instrument (ASI): The Atmospheric Science Instrument (ASI) is
a versatile multi-sensor package designed to capture essential data as a probe descends
through the atmosphere. Building upon the successful Huygens HASI instrument (Ferri et al.
2002; Fulchignoni et al. 1997, 2002), Ferri et al. (2020) advocates the inclusion of four cru-
cial sensors within this package: a scientific accelerometer, a temperature sensor, a pressure
profile instrument, and an atmospheric electrical package. The accelerometer incorporates
a seismic mass that experiences displacement during the atmospheric descent. By detect-
ing this displacement and applying corrective action, the accelerometer directly measures
the probe’s acceleration. Wire resistance thermometers are proposed to measure tempera-
ture variations. These sensors rely on changes in the resistance of a metallic wire as the
temperature fluctuates, with comparison to a reference resistor powered by the pulsed cur-
rent. Pressure measurement involves a sensor featuring a small vacuum chamber between
two electrode plates. The external pressure determines the distance between these plates
(Baratron capacitance manometers), facilitating accurate measurement of atmospheric pres-
sure variations during descent. The atmospheric electrical package comprises a set of elec-
trodes designed to assess a wide range of atmospheric electrical properties. It can measure
atmospheric conductivity, both AC and DC electric fields, and monitor Schumann reso-
nance. Schumann resonances are global electromagnetic resonances, generated and excited
by lightning discharges inside the ionospheric cavity and might be used for constraining the
uncertainty of volatiles of Uranus and Neptune. Additionally, it offers insights into electrical
charges and fields. By integrating these sensors into the ASI, the instrument becomes a pow-
erful tool for characterizing Uranus’ atmosphere. It enables the study of atmospheric stabil-
ity, dynamics, stratification, winds, waves, thermal tides, turbulence, condensation, aerosols,
cloud layers, both saturated and unsaturated regions, stable and conditionally stable regions,
moist convective processes, and electrical phenomena, including the potential detection of
lightning (Ferri et al. 2020).

Ultra-Stable Oscillator or Doppler Wind Experiment: An ultra-stable oscillator or Doppler
wind experiment serves as a valuable tool for gauging the altitude profile of zonal winds
along the probe’s descent trajectory. It provides insights into atmospheric turbulences,
aerodynamic buffeting, and atmospheric convection and waves. This is achieved through
Doppler tracking of the probe by the carrier spacecraft’s radio subsystem, assuming that the
probe, after the parachute deployment, moves in accordance with the winds and undergoes
motions driven by atmospheric turbulence, aerodynamic buffeting, and atmospheric con-
vection and waves. The characterization of these atmospheric phenomena is carried out by
comparing the measured relay link frequencies to the expected relay frequencies between an
ultra-stable oscillator situated on the probe and a counterpart ultra-stable oscillator located
within the relay receiver on the carrier spacecraft.

Nephelometer: A nephelometer plays a pivotal role in providing valuable information about
cloud locations and the characteristics of both liquid and solid particles, encompassing
aerosols and haze particles. This is achieved by assessing the light-scattering properties
exhibited by these particles. The process involves passive sampling of cloud and haze parti-
cles, which are subsequently exposed to a collimated beam of light. As the collimated light
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encounters liquid and solid particles, it scatters in various directions, influenced by fac-
tors such as particle size, shape, and refractive index. Incorporated photo-detectors capture
and measure the flux and polarization of the scattered light, allowing for a comprehensive
characterization of the liquid and solid particles. In addition to its role in particle characteri-
zation, a nephelometer can contribute to measuring vertical heat fluxes resulting from latent
heat. Furthermore, it serves as an invaluable in situ reference for remote sensing applica-
tions, mitigating the significant ambiguity often encountered in remote sensing retrievals.

H, Ortho-Para Instrument: An H, ortho-para instrument serves as a valuable tool for dis-
cerning the proton spin type of encountered hydrogen molecules during a probe’s descent
into the atmosphere. Specifically, it identifies whether the hydrogen molecules are in a paral-
lel (ortho-hydrogen) or anti-parallel (para-hydrogen) configuration. The ratio of these con-
figurations offers insights into the ambient temperature and the adiabatic lapse rate if the
gases are allowed to equilibrate over time. In cases where equilibrium times are sufficiently
long, this ratio can also be employed to trace the past environmental conditions of a given
air parcel. A suitable instrument could be a successor of the sonic anemometer initially de-
veloped for use on Mars’ surface (Banfield et al. 2016). It utilizes broadband capacitive
transducers to precisely measure the acoustic travel time of a coded signal through the at-
mosphere in two opposing directions. To determine the ortho-para fraction accurately, these
travel time measurements must be coupled with kinetic temperature measurements. The H,
ortho-para instrument plays a crucial role in providing essential information for the correct
interpretation of various atmospheric aspects on Uranus. This includes the thermal profile
and stability, density structure, aerosol layering, net fluxes, and vertical motions within the
planet’s atmosphere.

Net-Flux Radiometer: A net-flux radiometer serves as a vital instrument for quantifying both
the net and upward radiation flux within the atmosphere, thus enabling the determination of
the radiative (cooling) component of the atmospheric energy budget. This instrument com-
prises an optical head equipped with detectors that observe a portion of the local atmosphere
through a diamond window. Behind this window, multiple detectors are strategically placed,
each equipped with filters covering a range of wavelengths from visible to infrared. Aslam
et al. (2020) proposes a net-flux radiometer that incorporates seven detectors, including one
designed to capture all scattered solar radiation and two specialized detectors that capture
progressively more absorbed radiation due to gaseous methane. The net-flux radiometer
plays a pivotal role in observing fluctuations in the net radiation flux, offering insights into
the driving forces behind atmospheric motions by assessing whether and to what extent a
particular layer is radiatively heated or cooled. Additionally, it can identify regions where
the atmosphere absorbs radiation relatively strongly, and the magnitude of this absorption
can be correlated with temperature and pressure data from the ASI and particle backscat-
ter measurements from the nephelometer. Overall, the scientific objective of the net-flux
radiometer is to enhance our understanding of several key aspects of Uranus’ atmosphere,
including its heat balance, sources and sinks of planetary radiation, regions of solar energy
deposition, as well as insights into atmospheric composition and cloud layers.

Helium Abundance Detector: A Helium abundance detector can determine the He/H, ratio
with high accuracy. This is accomplished by measuring the refractive index of the atmo-
sphere, which is a function of the composition of the sampled gas. Assuming that Uranus’
upper atmosphere consists mostly of H, and He, the refractive index is for the most part
a direct measure of the He/H, ratio. The refractive index can be measured by a two-beam

@ Springer



64  Page 20 of 37 A.Vorburger et al.

interferometer, where the difference in the optical path between one beam passing through a
reference gas and another beam passing through atmospheric gas gives the refractive index
between the two gasses (Von Zahn and Hunten 1992).

Tunable Laser Spectrometer: A Tunable Laser Spectrometer (TLS) enhances the mass spec-
trometry measurements, and would provide redundancy for isotope measurements, by offer-
ing precise isotope measurements for several elements, such as D/H, 13C/12C, '80/'°0, and
170/1%0, contingent upon the chosen laser systems. The TLS utilizes ultra-high spectral res-
olution (0.0005 cm~!) tunable laser absorption spectroscopy within the near-infrared (IR)
to mid-IR spectral range. A TLS is an integral component of the SAM instrument onboard
the NASA Curiosity Rover (Webster and Mahaffy 2011). This instrument was employed to
determine isotope ratios, including D/H and '#0/'°0O in water, as well as '3C/'2C, '30/'°0,
170/'%Q, and 3C'80/'2C'0 in carbon dioxide within the Martian atmosphere (Webster
et al. 2013). A TLS is a valuable addition to a mass spectrometer, offering two significant
benefits: it can deliver more precise measurements of specific isotope ratios than a mass
spectrometer, and it provides a means of redundancy and verification for the isotope ratio
data obtained from the mass spectrometer. However, the TLS operation is completely inde-
pendent of the mass spectrometer operation.

5 Proposed Implementation

As explained in the science motivation in Sect. 2, the mass spectrometer experiment for
a Uranus probe must be capable of determining the chemical composition of Uranus’ at-
mosphere, including the abundance of hydrogen and helium. It must also conduct isotope
analyses of key elements and measure the presence of noble gases along with their isotopic
compositions. These tasks must be completed within a highly constrained mission profile,
requiring efficient data collection and analysis.

In the following section, we introduce a comprehensive mass spectrometer experiment
designed to address all the scientific inquiries outlined in this paper. This experiment is a
revised version of the mass spectrometer experiment already presented in Vorburger et al.
(2020). Toward the conclusion of this section, we provide a detailed list of the projected
species-dependent performance of this system.

5.1 Mass Spectrometer Experiment

As discussed in Sect. 3.3 there are several choices for the mass analyzer. Given that on an at-
mospheric probe, the time available for measurements during the descent is about one hour,
a non-scanning instrument is preferred. The requirements for chemical separation are mod-
erate because the chemistry in Uranus’ atmosphere is simple as reviewed in (Mousis et al.
2018, 2022). However, the requirements for sensitivity are high because the sparse noble
gases shall be measured, including the abundances of their isotopes. Therefore we decided
on a time-of-flight mass spectrometer with an MCP detector system, which is discussed in
detail below. Time-of-flight mass spectrometers are highly reliable while simple to operate,
which is of advantage for a short mission in a challenging environment at fully autonomous
operation.

Figure 4 illustrates the proposed configuration of the mass spectrometer experiment for
a Uranus probe. The gas inlet, located at the bottom left (Break-off valve inlet), connects
to the gas outlet, positioned at the top left (Break-off valve outlet). During the launch and
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Fig.4 Proposed mass spectrometer experiment implementation for a Uranus atmospheric probe

cruise phases, both the inlet and outlet remain hermetically sealed by a valve. These valves
are opened only when the probe reaches a pressure of approximately ~ 1 - 1077 mbar. After
the valves have been opened, gas continuously streams from the inlet to the outlet, ensuring
that measurements consistently represent the local atmospheric conditions.

To maintain functionality and prevent gas condensation on inner tube walls, a heater can
be applied to the tube connecting the inlet and outlet. In addition, this heater also allows the
measurement of simple aerosol particles that might have entered the inlet and that stick to
the inner walls.

As gas continuously flows from the inlet to the outlet, a portion of it can be diverted
to either the mass spectrometer system or the TLS. The diversion to the mass spectrome-
ter system can be managed using two valves (Valve 7 and 8) and two tubes with distinct
conductances (Conductance limits 1 and 2), each optimized for measurements within differ-
ent atmospheric pressure ranges. The mass spectrometer is equipped with a pressure gauge
(Pressure gauge 3) and a pump (Pump 1) to remove the analyzed gas. Further down the gas
flow path between the inlet and outlet, a second pressure gauge (Pressure gauge 1) provides
the absolute atmospheric pressure necessary for absolute calibration.

The TLS measurement is started by opening the dedicated valve (Valve 6) until the op-
erating pressure of approximately ~10 mbar is reached in the TLS cavity when the valve
is closed, which is controlled by a dedicated pressure gauge (Pressure gauge 4) to ensure
compliance with this requirement. Then the actual TLS measurement commences, and upon
its completion, the TLS cavity is evacuated by a dedicated pump (Roughing pump) to pre-
pare for the next measurement cycle. A TLS instrument has not been employed for the large
pressure range foreseen for an atmospheric probe, thus its design might be more complicated
than what is envisioned at present (see Fig. 4).

Located farther along the gas flow path, a Separation and Enrichment system is posi-
tioned. Before atmospheric measurements commence, this system can be evacuated through
two valves (Valves 1 and 3). One trap (Enrichment trap 1) is designated for noble gas mea-
surements, while the other trap (Enrichment trap 2) is intended for hydrocarbon measure-
ments. The operational timeline envisions that during normal operation (direct inlet to the
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mass spectrometer), the enrichment cells accumulate gases, enriching the desired rare gases
(i.e., noble gases and hydrocarbons). Periodically, the direct inlet to the mass spectrometer is
paused (by closing Valves 7 and 8) to allow the feeding of the enriched gases into the mass
spectrometer system for analysis instead (by opening Valves 4 and 5). The enrichment cells
are connected to the mass spectrometer with a tube with a specified conductance limit (Con-
ductance limit 3), ensuring that the pressure in the mass spectrometer does not drastically
change between different measurement modes (i.e., nominal measurement and measurement
of the enriched gases). The enrichment trap accumulating noble gases (Enrichment trap 1)
also connects to a non-evaporable getter (Non-evaporable getter 1) via a third valve (Valve
2) to remove H, and hydrocarbons, potentially interfering molecules with the noble gas
measurements. A pump (Pump 2) removes gases collected by the non-evaporable getter.

To calibrate the mass spectrometer in flight and enhance the accuracy of crucial measure-
ments, a reference gas system is integrated. When the Uranus Orbiter and Probe enters the
Uranus system, once the inlet and outlet valves have been broken off, any gases that have
accumulated in the reference gas system during the multi-year cruise period will be evac-
uated using a designated valve (Valve 9). After this initial evacuation, Valve 9 will remain
closed, and for any further reference gas system clearings Valve 10 will be used. The mass
spectrometer experiment will be calibrated before the atmospheric measurements and im-
mediately after opening the break-off valves of the inlet and outlet. Three gases are allocated
for a mass spectrometer designed for a Uranus probe: one containing H, and Helium as a
reference, one containing hydrocarbons, and one featuring a specific blend of noble gases.
Selection among these reference gases can be accomplished by opening one of three vari-
able leak-regulating valves (Regulating Valves 1 through 3, which normally seal the refer-
ence gas reservoirs). The chosen reference gas is then introduced via a valve (Valve 12) and
a tube with defined conductance (Conductance limit 4) into the mass spectrometer system.
The Reference Gas System also connects to the mass spectrometer system through a second
valve (Valve 11), which serves as a higher conductance pathway to Pump 1 for purging any
remaining gases from the manifold when transitioning between the three reference gases.
Moreover, the Reference Gas System includes a non-evaporable getter (Non-evaporable get-
ter 2) to eliminate any residual H, and hydrocarbons via a valve (Valve 10). Finally, a third
pump (Pump 3) evacuates any remaining gases from the Reference Gas System, while a
pressure gauge (Pressure gauge 2) monitors and maintains the desired pressure range within
the Reference Gas System. After analyzing the reference gases, all valves connecting the
reference gas system to the mass spectrometer are closed, and the nominal operation, as
described above, commences.

The estimated resources needed for such a Mass Spectrometer experiment for the atmo-
spheric probe are a weight of 11 kg, a size 24.5 x 14.5 x 22.9 cm?, and an average power
requirement of about 28 W for full operation. These estimates are based on earlier designs
of mass spectrometers for space research (Balsiger et al. 2007; Wurz et al. 2012; Fausch
et al. 2018; Fohn et al. 2021) and the Gallileo Probe mass spectrometer (Niemann et al.
1992). The proposed design’s complexity is evident, incorporating 12 on/off valves, three
regulating valves, and four pumps. This complexity arises because the mass spectrometer
must operate in a high-pressure regime, which necessitates a dedicated vacuum system. Ad-
ditionally, to ensure high accuracy—especially considering the low mixing ratios of some
species—two enrichment systems and a reference gas system are required. To put this in per-
spective, the Galileo probe, which also used two enrichment systems but lacked a reference
gas system, employed 13 micro-valves and one ion pump Niemann et al. (1992). The MAss
Spectrometer for Planetary EXploration (MASPEX), aboard the Europa Clipper, includes
a calibration gas system and a cryotrap but isn’t designed for high-pressure environments.
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Table 4 Sample operation sequence of mass spectrometer experiment during the descent through Uranus
atmosphere. Altitudes are given in reference to the 1 bar level

Phase Altitude Pressure from—to Time Speed Integration Vertical Number of
from—to [km] [mbar] from—to [sec] [m/s] time [sec] resolution mass spectra
[km]

0 1500450 1.0-1077-1.0-107% (—414.18)-0 2535 30 75.00 14

1 450-15 1.0-1074-4.0-10t2  0-172 2529 15 36.25 12

2 15-14 4.0-1012-4.2.10t2  172-183 91 12 1.05 1

3 14-10 42-1012-5.0.10"2  183-235 77 10 0.81 5

4 10—(—13) 5.0-1012-1.6-1013  235-581 66 10 0.68 34

5 (=13)=(=99) 1.6-10T3-1.0-10™* 581-2101 57 15 0.85 101

6 (=99)~(—140) 1.0-10T4-2.4.10"* 2101-3684 26 20 0.51 80

This spectrometer uses seven valves and two pumps Waite et al. (2024). The proposed de-
sign’s complexity is, therefore, comparable to these existing systems. The design details of
MASPEX, particularly its valves and pumps, could serve as a useful reference point for this
new system Waite et al. (2024).

The Galileo atmospheric probe had a mass spectrometer experiment (Niemann et al.
1992) and in addition a Helium abundance detector (HAD) for the accurate measurement of
the He/H, ratio Von Zahn and Hunten (1992). For the Uranus probe, the addition of a HAD
for the accurate He/H, measurement is not necessary anymore, resulting in a mass saving of
approximately 1.4 kg—the equivalent mass of the HAD utilized on Galileo (Von Zahn and
Hunten 1992). This measurement can be done with the mass spectrometer experiment as
well for two reasons. First, a dedicated He/H, reference gas mixture is part of the proposed
mass spectrometer experiment (see Fig. 4) that provides a direct reference for this important
measurement. Second, in the forty years since the Galileo mission the technology of mass
spectrometers advanced significantly, i.e., the mass resolution of the present instrument is
about 10 times that of the Galileo mission (Niemann et al. 1992), the sensitivity increased by
about three orders of magnitude (Niemann et al. 1992), and full mass spectra are measured
at a cadence of 20 kHz (Wurz et al. 2012). Histogrammed over the proposed integration
periods of 10 to 30 seconds, the mass spectrometer would deliver complete mass spectra
with altitude resolutions in the kilometer range (refer to Table 4).

Table 5 outlines the anticipated performance of the proposed mass spectrometer exper-
iment during the descent through Uranus’ atmosphere. The table is constructed based on
estimated abundances of various species (as indicated) and follows an operation sequence
as detailed in Table 4. Apart from the complex hydrocarbons only present in the photochem-
ical layer, the mixing ratio of the different species is assumed to be constant with depth. The
expected accuracy of the mass spectrometric measurements is calculated based on the per-
formance of the mass spectrometer for the lunar exosphere (Wurz et al. 2012), using an
integration time for the mass spectra of 11 s. Results are presented for the major chemical
species, noble gases, and some isotope ratios of interest. For the photolytic layer in the upper
atmosphere, where a lot of hydrocarbon compounds are expected, we present the calcula-
tion only for acetylene and benzene, but all the other hydrocarbons will be recorded with
comparable performance. Also, the use of the enrichment cells and the reference gases is
indicated in Table 5. In most cases, the expected accuracies surpass the minimum require-
ments outlined in the (National Academies of Sciences, Engineering, and Medicine 2023).
According to this source, the following accuracy thresholds are stipulated: 5% for noble gas

@ Springer



64  Page 24 of 37

A.Vorburger et al.

Table 5 Estimated expected accuracies for measurements for selected species for the mass spectrometry
experiment shown in Fig. 4 for a sample operation sequence (presented in Table 4). This estimate assumes
the sensitivity of the mass spectrometer for the lunar exosphere (Wurz et al. 2012), an integration time for the
mass spectra of 11 s (except for Ne, Ar, Kr, and Xe, where an integration time of 400 s is used), chemical
abundances as they are known for Uranus and otherwise from Jupiter, and terrestrial isotope abundances.
Measurements are performed in different modes: “L” for low sensitivity mode, “H” for high sensitivity mode,
“RGx” for using reference gas x for calibration, “ETx” for using enrichment trap x for sample collection.
Based on National Academies of Sciences, Engineering, and Medicine (2023), the required accuracies are

5% for noble gases, 5% for the isotopes of He and Xe, and 20% for more abundant molecules

Species mode rel. abundance exp. accuracy isotope ratio exp. accuracy

H, L 1 5.00% HD/H, 0.89%

He L 0.176 5.00% 3He/*He 1.42%

He/H, L,RGI1 0.176 1.50%

CHy L.H 5.33.1073 5.00% 12¢/13¢ 0.20%

NH3 L. H 4.54.10~4 5.00% 14N/15SN 1.04%

H,O at 2 bar H 2.30-1077 5.74%

H,O at 10 bar H 2.00-10~4 5.00% 160/170 5.02%
160/180 2.10%

H,S LH 3.76:10~% 5.00%

co H 1.00-107° 110.50%

CO, H 3.40.10710 308.60%

PH3 H 7.28.1076 5.02%

AsHj3 H 2.64-107° 46.80%

GeHy H 3.50-10~10 300.00%

CoH, H, ET2, RG2 4.00-1076 5.04%

C,Hg H, ET2, RG2 4.50-1076 5.04%

Ne H 2481073 5.00% 20Ne/22Ne 0.18%

Ne/He H, ET1,RG3 1.41.1074 1.52% 20Ne/2INe 0.88%
2INe/22Ne 0.89%

Ar H 1.82:107° 5.00%

Ar/He H, ET1,RG3 1.21.1072 1.50% 36Ar38 Ar 0.11%

Kr H 9.30-107° 5.76%

Ki/He H, ET1,RG3 1.16:107> 2.47% T8K /Kot 11.53%
80K /Kot 11.82%
82Kr/Kriot 2.82%
83K r/Kror 1.43%
84Kr/Kreot 1.13%
80K r/Kryor 0.69%

Xe H 8.90-1010 20.62%

Xe/He H, ET1, RG3 1.82:1076 6.89% 124X e/Xetor 415.6%
126 Xe/Xeror 415.6%
128X e/Xeror 20.8%
129X e/Xetot 2.9%
130 e/Xeror 10.6%
131Xe/Xetot 3.2%
132X e/Xeror 2.9%
134X e/Xetot 5.0%
136 Xe/Xeror 57%
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mixing ratios, 5% for the isotope ratios of helium and xenon, and 20% for more prevalent
species such as CHy, H,S, C,H,, and C,Hg. Of course, for species at very low abundances,
the accuracies decrease, for example, CO,, which can only be measured with an accuracy
within a factor of 3. Further challenges arise with the mixing and isotope ratios of the heavy
noble gases, Kr and Xe, due to their extremely low abundance, assuming values based on
measurements from Jupiter (see Table 1). To address these challenges, the integration time
was extended from 11 seconds — typically used for measuring other species — to 400
seconds, enhancing the accuracy of isotope measurements by a factor of 6. This increased
integration time met the required accuracy standards and doubled the improvement over the
Galileo mission, which had an integration time of 434 seconds (Niemann et al. 1998). For
the accuracy calculations, the noble gas abundances from Jupiter were utilized (see Table 1).
However, if noble gases are enriched by a factor of 20 to 120 on Uranus (see Fig. 2), trans-
lating to an enrichment of 7 to 40 times the Jupiter values, the accuracy of noble gas isotope
measurements will improve accordingly.

5.2 Atmospheric Probe

There are multiple design possibilities for a flagship NASA mission to Uranus. If the Euro-
pean Space Agency (ESA) provides a budget similar to that of M-class missions (approxi-
mately 500 million of 2023 euros), a probe design akin to the Galileo probe can be devel-
oped. This concept is quite similar to the Hera Saturn probe proposal submitted to ESA’s
previous M4 and M5 calls that includes a science payload comprising five instruments (a
net flux radiometer, a nephelometer, a radio science instrument, an atmospheric structure in-
strument, and a mass spectrometer including a tunable laser spectrometer) and weighs about
300 kg (Mousis et al. 2016). An alternative scenario could involve supplying a probe mod-
ule to NASA by a consortium of European Union countries, independently of ESA. Internal
studies by ArianeGroup suggest that a simpler probe concept with a basic payload, consist-
ing of a mass spectrometer and an atmospheric structure instrument, could weigh as little
as 70 kg (Mousis et al. 2024). This streamlined probe design could stay within a 100-150
million euro budget, excluding instruments.

Uranus is the only outer planet in the solar system that is in approximate equilibrium with
solar insolation (Pearl et al. 1990; Pearl and Conrath 1991), which will be investigated from
the orbiting spacecraft. One of the numerous methods proposed for achieving this thermal
equilibrium (Cohen et al. 2022) is atmospheric phenomena (Gierasch and Conrath 1987;
Kurosaki and Ikoma 2017), which can be addressed by the atmospheric probe measure-
ments. Many atmospheric processes in the atmosphere cause downward and upward radia-
tion of energy, the former by e.g., solar insolation and the latter by e.g., thermal radiation,
cumulus convection, and vertically propagating waves. The atmospheric processes provide
local perturbations that shape atmospheric features such as cloud bands and vortices. Fur-
thermore, the total upward heat flux in the atmosphere is the sum of all local processes. The
connection between local atmospheric events and the global energy balance (e.g., Helled
and Fortney (2020) and references therein) remains an outstanding question and will be ad-
dressed by having local measurements by the atmospheric probe and global measurements
by the orbiting spacecraft.

A crucial aspect to address concerning the atmospheric probe is the selection of the entry
and descent point within Uranus’ atmosphere. This decision involves pinpointing the pre-
cise location where the atmospheric probe will enter Uranus’ atmosphere. Several factors
and limitations come into play, including the trajectory of the main spacecraft (the orbiter
responsible for deploying the probe), communication constraints between the descending
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probe and the main spacecraft, and timing considerations. In the following, we give some
considerations on selecting the entry point location.

Probe Entrance at Lower Latitudes: Entering at lower latitudes, at a quiet location (e.g. with-
out any visible small-scale structure in the atmosphere indicative of turbulence) might allow
for a representative measurement of the global composition and structure of Uranus’ atmo-
sphere. What remains to be decided is whether it is favorable to select an entry location
near the equator, within 20°S and 20°N where the zonal flow is retrograde, or an entry loca-
tion at higher latitudes, with fast prograde zonal flows (Soyuer et al. 2020). The retrograde
winds can reach up to 100 km/s, whereas the prograde winds even reach up to 200 km/s.
Understanding atmospheric circulations, such as atmospheric banding, is pivotal for com-
prehending vertical heat transport, maintaining energy balance, and advancing atmospheric
dynamic modeling. Furthermore, insights into these circulations help elucidate their exten-
sion into the planet’s interior. This simple structure of the zonal wind is in strong contrast to
the finely banded winds on Jupiter and Saturn. An original launch date of the Uranus Orbiter
and Probe of 2031 was foreseen, allowing an arrival at Uranus in 2044 with a gravity assist
at Jupiter (National Academies of Sciences, Engineering, and Medicine 2023). Currently,
however, a later launch in the mid to late 2030s is more likely, shifting the arrival to nearly
2050. Thus, Uranus would be illuminated by the Sun roughly sideways and the northern and
southern hemispheres would receive similar Sun illumination.

Polar Entrance: Arriving at Uranus when it is oriented sideways with respect to the Sun
allows access by the atmospheric probe even to the poles, as Uranus’ rotation axis is close
to the ecliptic plane. With a Uranus Orbiter and Probe arrival around 2045, the north pole
will have come out of a long winter, and the south pole will experience a long summer. There
are reasons to prefer either pole for placing the atmospheric probe, depending on the year
of arrival, since seasonal changes have been suggested to cause hemispheric asymmetry of
the atmosphere (Sromovsky et al. 2014) (Karkoschka 2015). Around the poles, a depletion
of the gases CHy, H,S, and NHj is observed down to the NH4SH cloud layer (Sromovsky
et al. 2015; Molter et al. 2021). Based on this depletion it is suggested that Uranus has
a single deep circulation cell in each hemisphere, or a three-layer hemispheric convection
cell, in which air rises from the deep atmosphere at low latitudes, clouds condense out, and
dry air is transported to high latitudes, with downwelling at the polar vortex (Sromovsky
et al. 2015). A depletion of some atmospheric compounds makes a descent into the polar
atmosphere less favorable.

Cloud Locations: There are places with clouds running at constant latitudes, places with
individual clouds, and cloud-free areas. Clouds are condensed volatiles, thus their compo-
sition and formation have an impact on the energy budget of the atmosphere, and thus their
observation and characterization are of great interest. The cloud features range from small to
large, from dim and diffuse to sharp and bright, and from rapidly evolving systems to stable
features that last for years. Long and narrow complexes of cloud features are observed in
the northern hemisphere, e.g. the 29,000-km-long complex of clouds that dissipated com-
pletely over the span of a month. In the three-layer convection cell model, clouds form in
the upwelling regions of the atmosphere at low latitudes and the dry air continues to higher
latitudes and the poles where it descends (Sromovsky et al. 2015; Cohen et al. 2022). In
the upwelling regions, NH4SH clouds are expected around 10 bars, H,S clouds at about 1.5
bars, and CHy clouds around 1 bar (Cohen et al. 2022), which are all within reach consid-
ering a descent of the atmospheric probe to at least 20 bars, like the Galileo probe. So far,
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the composition and location of the cloud layers remain unclear, but an atmospheric probe
should greatly advance our understanding of clouds. As the probe descends into a pressure
region corresponding to the upper levels of a cloud, the mass spectrometer is expected to
detect a sharp increase in gases that have condensed to form the cloud. This sudden shift
in atmospheric conditions also raises the risk of ice particles accumulating or droplets con-
densing in the gas flow path of the mass spectrometer. To mitigate these risks, starting at a
few hundred mbar, the mass spectrometer will be periodically baked-out at regular intervals.

Dark Spot: There are singular locations observed on Uranus’ surface that might be interest-
ing for an investigation by an atmospheric probe. Because the molecular weight of condens-
able species is heavier than the dominant hydrogen-helium atmosphere, moist convection is
generally inhibited, i.e., moisture tends to sink instead of rising. However, convection tends
to happen in episodic bursts or storms, which are regularly observed (Cohen et al. 2022,
and references therein) to raise material to higher altitudes in the atmosphere. The darken-
ing, or the opacity change, described by Cohen et al. (2022) was suggested to be the result
of a mixture of H,S ice and photochemically produced haze related to a vortex (Irwin et
al. 2022). The large, longer-lived clouds may be underpinned by giant hurricane-like vor-
tices, as were seen on Neptune. An example is the great dark spot (Hammel et al., 2009),
an anticyclonic storm located in the northern hemisphere at mid-latitudes (27°N), with an
elongated shape that measures 1,700 km by 3,000 km. The great dark spot appears dark
at visible wavelengths but bright at near-IR wavelengths. A storm might possibly provide
upwelling from material from further inside, from depths that are not accessible by an at-
mospheric probe. The development of a dark spot may be a signal of the changing seasons
along Uranus’ orbit, e.g., in the case of the great dark spot of the oncoming Uranian northern
spring. Upwellings from the interior, like the plume upwelling that was observed in the NHj3
data of Jupiter, showed that material from a depth of more than 60 bars rose to the 1 bar level
without condensation (Bolton et al. 2017). At present, we do not know if the upwelling on
Uranus would be of similar scale, i.e., if it reaches into the range of the atmospheric probe,
but if so it would allow for detailed investigation of material from further down.

5.3 Atmospheric Orbiter: Complement of Probe Measurements

An orbiter of Uranus, as is foreseen in the Uranus Orbiter and Probe mission in the 2022
decadal survey (National Academies of Sciences, Engineering, and Medicine 2023), will,
among other scientific investigations, provide complementary information about the atmo-
sphere via remote sensing. The atmospheric measurements on the orbiter would, for exam-
ple, be mapping the visible surface of Uranus (see Fig. 1), tracking storms, clouds, and ed-
dies in reflected sunlight, and mapping key volatile species and abundances of hydrocarbons
in the photolysis layer in the upper atmosphere. The orbiter measurements will provide us
with the opportunity to contextualize the entry location of the atmospheric probe on a global
scale. This includes assessing whether the probe’s entry point aligns with a distinct atmo-
spheric feature, gaining insights into the presence and characteristics of clouds and hazes
at the entry site, and monitoring their temporal evolution during orbital observations. Ad-
ditionally, these measurements will facilitate the study of various atmospheric phenomena,
such as convection, upward and downward energy flow, and atmospheric wave activity. Such
investigations will deepen our understanding of how these processes shape prominent atmo-
spheric features like cloud bands and vortices. In addition, microwave observations might
probe deep inside the atmosphere even below the reaches of an atmospheric probe, e.g., for
H,S (Molter et al. 2021) or for NH; at Jupiter (Bolton et al. 2017; see also Fig. 1).
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5.4 Gravity Measurements

Last, but not least, measuring Uranus’ gravitational field to higher accuracy via Doppler
tracking would provide key constraints on Uranus’ density profile, and therefore its com-
position and internal structure (e.g. Helled et al. 2020). Interior models of Uranus that fit
the gravity data can be further constrained using the atmospheric measurements (with the
requirement to reproduce the observed atmospheric metallicity). Updated interior models
of Uranus together with accurate measurements of the atmospheric compositions and the
different isotope ratios can then be used to reveal new information on Uranus’ origin and
long-term evolution.

Finally, accurate determination of Uranus’ gravity field and the detection of odd harmon-
ics can be used to constrain the depth of the winds in Uranus Kaspi et al. (2013), Soyuer and
Helled (2021), Soyuer et al. (2023). This in return is not only important for understanding
Uranus’ atmosphere dynamics and the mechanisms that lead to the wind decay (e.g. Soyuer
et al. 2020) but also for further constraining Uranus’ internal structure Neuenschwander
et al. (2024).

6 Conclusion

Several probe designs can be envisaged for a NASA-led flagship mission toward Uranus. As-
suming ESA provides a budget equivalent to the one attributed to M-class missions (~500
million of 2023 euros), a probe design close to the one of the Galileo probe can be envisaged.
Such a probe design would be quite similar to the Hera Saturn probe proposal submitted to
ESA’s previous M4 and M5 calls that includes a science payload comprising five instru-
ments (a net flux radiometer, a nephelometer, a radio science instrument, an atmospheric
structure instrument, and a mass spectrometer including a tunable laser spectrometer) and
weighs about 300 kg (Mousis et al. 2016). Another end-member scenario would correspond
to the case where the probe module is only supplied to NASA by a consortium of several EU
countries, independently of ESA. Internal studies led by ArianeGroup suggest that a probe
concept containing as a minimum payload a Mass Spectrometer with an Atmospheric Struc-
ture Instrument could reach a mass as low as ~70 kg (Mousis et al. 2024). Such a minimum
probe design could remain in the 100—150 million euros cost cap, instruments excluded.

In this paper, we have conducted a review of the scientific objectives inherent to a Uranus
probe. Our focus has centered on the chemical composition of Uranus’ atmosphere, a piv-
otal aspect for comprehending the planet’s origin, evolutionary processes, and the unique
characteristics that distinguish it from other celestial bodies within our solar system.

Figure 1 provides a visualization of the informational depth achieved by various remote
sensing techniques. It illuminates how an in situ probe has the potential to overcome the lim-
itations posed by these techniques, with the notable exception of microwave measurements,
which can delve deeply into Uranus’ atmosphere but require model-dependent interpreta-
tions for a comprehensive understanding.

Furthermore, Fig. 2 and Tables 1 and 2 serve as powerful visual aids, emphasizing the
substantial gaps in our current knowledge regarding the chemical composition of the ice
giants, and the drastic knowledge increase one gains from a single entry probe as we had for
Jupiter.

The mass spectrometry experiment assumes a pivotal role in meeting the critical scien-
tific prerequisites of the Uranus atmospheric probe, much as it did for the Galileo probe’s
mass spectrometer during its mission to Jupiter (Niemann et al. 1992). Mass spectrometry
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represents a well-established and widely recognized tool for conducting compositional anal-
yses. In this paper, we conducted a concise evaluation of various mass spectrometer types
relevant to potential implementation on an atmospheric probe. Table 3 lists the pros and cons
of the major mass spectrometer types in view of an application on a Uranus probe.

Furthermore, we introduced a proposed implementation, which not only draws from the
flight heritage of the Galileo probe but also capitalizes on advancements in technology that
have transpired since the Galileo mission. A schematic of the proposed implementation is
shown in Fig. 4, while the proposed sample operation sequence and the associated experi-
ment measurement accuracies are presented in Tables 4 and 5, respectively. The suggested
mass spectrometer experiment demonstrates capabilities surpassing those of the Galileo
probe, all the while remaining feasible within the tight resource constraints associated with
a Uranus probe.

Finally, we introduce several instruments slated for inclusion on the probe that promise
to offer valuable synergies with the mass spectrometer experiment. These instruments en-
compass an atmospheric structure instrument, an ultra-stable oscillator or Doppler wind
measurement device, a nephelometer, an H, ortho-para instrument, a net-flux radiometer,
a tunable laser spectrometer, and a helium abundance detector. Furthermore, we delve into
critical considerations regarding the probe’s entry phase and explore the potential contribu-
tions that an orbiter could make to enhance the quality and scope of probe measurements,
while exploring the prospects for establishing collaborative partnerships between NASA and
ESA to ensure the successful realization of this groundbreaking probe.
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