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Science Objectives for Giant Planet’s

Atmospheres

Scientific Objective!

Measurement Objective

Measurement Requirements

Constrain our models and
understanding of Ice Giant’s
formation and subsequent evolution
in situ measurement of elemental
constituents and isotopic
abundances for comparison with
elemental compositions observed in
the Sun, meteorites, and other
planetary atmospheres

Determine fractional abundance of
helium relative to H,

H,/He ratio to an accuracy of 1%

Determine atmospheric abundance
ratios of C, H, O, N, and noble gases

C/H, N/H, O/H to a precision of =10% or better

Ne/He, Ar/He, Kr/He, Xe/He to a precision of
+30% or better

Determine isotopic ratios of C, H, O,
N, and noble gases

13C/12C, 180/160 to +=1% or better

D/H, '®N/'N in major molecular species to
+1% to 5%

Isotopic ratios of He, Ne, Ar, Kr, Xe to 5% to
+10% or better

Determine the strength of vertical
mixing in Ice Giant’'s atmosphere

Determine the vertical abundance
profiles of CH,, CO, PH;, H,S, NH;,
and others

Measure abundances with uncertainty of a
factor of 2 or less

Constrain models of cloud formation
and structure

Determine abundances of
condensable species below cloud
base

e.g., H,0, H,S, and NH; to a factor of 2 or
better

O. Mousis, et al., Scientific rationale for Uranus and Neptune in situ explorations, Plan. Sp. Sc. 155 (2018),

12-40
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Science Objectives for Giant Planet’s
Atmospheres

Table 1
Flemental abundances in Jupiter, Saturn, Uranus and Neptune, as derived from upper tropospheric composition.
Elements Jupiter Saturn Uranus Neptune
He/H” (7.85 + 0.16) » 1072 (6.75 + 1.25) x 1072 (8.88 + 2.00) x 1072 (8.96 + 1.46) x 1072
Ne/H? (1.240 + 0.014) x 10~° - - -
Ar/HP (9.10 + 1.80) x 107° - - -
Kr/HP (4.65 + 0.85) x 1077 - - -
Xe/HP (4.45 + 0.85) x 1071° - - -
C/HS (1.19 + 0.29) x 1073 (2.65 + 0.10) x 1073 (0.6-3.2) x 1072 (0.6-3.2) x 1072
N/H¢ (3.32 + 1.27) x 107* (0.50-2.85) x 1074 - -
O/H* (2.45 + 0.80) x 1071 - - -
S/H (4.45 + 1.05) x 107° - - -
P/HE® (1.08 + 0.06) x 107° (2.64 + 0.24) x 10°° - -

® von Zahn et al. (1998) and Niemann et al. (1998) for Jupiter, Conrath and Gautier (2000) and Atreya et al. (2016) 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.
b Mahaffy 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), and Sromovsky et al. (2014) for Uranus,
Lindal et al. (1990), Baines et al. (1995), and Karkoschka (2011) for Neptune.

d Wong et al. (2004) for Jupiter, Fletcher et al. (2011) for Saturn (cur N/H range is derived from the observed range of 90-500 ppm of NH3).

¢ Waong et al. (2004) for Jupiter (probably a lower limit, not representative of the bulk O/H). de Graauw et al. (1997) has detected H»O at 5 pm with ISO in Saturn, but the measurement at
1-3 bars is not representative of the bulk O/H.

f Wong et al. (2004) for Jupiter.

& Fletcher et al. (2009b) for Jupiter and Saturn.

O. Mousis, et al., Scientific rationale for Uranus and Neptune in situ explorations, Plan. Sp. Sc. 155 (2018),

12-40
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Top-level Requirements

< Mass range
1-300u
< Sufficient mass resolution
m/ Am = 500
< Sufficient sensitivity
10 decades dynamic range, plus isotopes
Measurement time 10 — 90 minutes (descent time)
< Limit complexity
Accommodation in the atmospheric probe
< Limit instrument resources
Power, volume, mass

IPPW 2019, Oxford



Galileo Probe Mass Spectrometer

Experiment
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Fig. 1. Schematic of the gas inlet system and connection to the mass spectrometer sensor. Two parallel
gas inlet/outlet systems are employed to provide gas samples to the direct leaks, L1 and L2, and to the two

sample enrichment systems centered around C1 and C2.

H.B. Niemann, D.N. Harpold, S.K. Atreya, G.R.
Cargnan, D.M. Hunten, T.C. Owen, Galileo
Probe Mass spectrometer Experiment, Sp. Sci.

Rev. 60 (1992) 111-142.
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Fig. 2. Mass spectra showing enrichment obtained when gas processing is used to remove the major
constituent H, from a 909, H, and 109, He mixture containing constituents each of 150 ppmv. (a) Rare gas
enrichment. Note the substantial enrichment of Xe obtained. Expected Xe ratios are marginably measurable
by direct analysis. (b) Hydrocarbon enrichment. There is a substantial enrichment of the C,~C, hydro-
carbons with a somewhat less enrichment for methane. For illustration the spectra were recorded analog

with laboratory recording equipment.
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The Gas Chromatograph Mass
Spectrometer for the Huygens Probe

Figure 3. Schematic of the Gas Chromatograph Mass Spectrometer. Details of the Aerosol Collectc Figure 6. Anion source showing the electron and ion focusi
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H.B. Niemann, et al., The Gas Chromatograph

Mass Spectrometer for the Huygens Probe, Sp.

Sci. Rev. 104 (2002) 553-591.
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Figure 5. Illustrations of ion source configuration and sche
differential vacuum pumping system.
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Figure 7. The ion source system, showing the

individual ion sources and the switching lenses in the
partially assembled ion source housing before
installation of the getter housings and the gas inlet
manifolds. The overall length is 357 mm.
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NGMS / Luna-Resurs
GC-MS complex
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Neutral Gas Mass Spectrometer
Luna-Resurs / Luna-Glob

Mass range

<+ 1—-300 amu
(low mass range
mode)

< Can be
increased in
flight by
command, if
necessary, to
1000 amu (high
mass range
mode).

< Mass range is
only limited by
memory for
accumulation

P. Wurz, D. Abplanalp, M. Tulej, and H. Lammer, "A Neutral Gas Mass Spectrometer
for the Investigation of Lunar Volatiles," Planet. Sp. Science 74 (2012) 264-2609.
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Rosetta / ROSINA / DFMS Instrument

Covers mass range from 12 to 150 amu/e

Mass resolution m/Am > 9000 (at 50% peak height)

Detects particle densities of 1 cm=3 within 20 s for one mass line
Complete mass spectrum 20 — 40 min

H. Balsiger, et al., Space Science Review 128
(2007), 745-801.



Rosetta / ROSINA Double Focussing
Mass Spectrometer (DFMS): Example

The four panels show the high
resolution mass spectra from DFMS /
ROSINA for the species Ca, K, Si and
Na, which are observed together with
other species from the volatile material
of the coma. Red lines give Gaussian
fits to the mass peaks of interest, blue
lines to mass peaks that are close to
the mass peak of interest, and the black
lines are the sum curve.

Wurz et al., A&A 583 (2015) 1-9
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RTOF / ROSINA on Rosetta / ESA

<+ RTOF design: 1996

< Mass resolution:
m/Am = 1500 ... 4500
(depending on mode)

< Mass range: 1 ... 500
amu (in principle
unlimited, because
TOF instrument)

< Sensitivity: 10—4... 103
A/mbar (depending on
mode)

<+ Mass: 14.7 kg
<+ Power: 28 W

H. Balsiger, et al., "ROSINA - Rosetta Orbiter Spectrometer for lon and Neutral Analysis," Space Science
Review 128 (2007), 745-801.

S. Scherer, K. Altwegg, H. Balsiger, J. Fischer, A. Jackel, A. Korth, M. Mildner, D. Piazza, H. Reéme, and P.
Wurz, A novel principle for an ion mirror design in time-of-flight mass spectrometry, Int. Jou. Mass Spectr. 251
(2006) 73-81.
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S. Scherer, K. Altwegg, H. Balsiger, J. Fischer, A. Jackel, A. Korth, M. Mildner, D. Piazza, H. Réme, and P. Wurz,
"A novel principle for an ion mirror design in time-of-flight mass spectrometry,” Int. Jou. Mass Spectr. 251 (2006)
73-81.



Multi-Bounce time-of-flight mass spectrometer (MASPEX)
lon Optics Simulations and Prototype

Numerical simulations of ion trajectories showing focusing of multi-bounce ion packets.
m/Am(N) = NT_/2(At+N3T)

Third generation MBTOF has successfully undergone vacuum and vibration tests.
CEAMS / SwRI, H. Waite



MASPEX Performance (High-Resolution Mode)

M/CIM = 3000

Separation of CO from N, M/OM = 13,500

CEAMS / SwRI, H. Waite
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Figure 2. The experimental Orbitrap mass spectrometer. lons are produced by the electrospray ion source at the extreme left. lons
then proceed through the source, collision quadrupole, selection quadrupole and then pass into the storage quadrupole. The
storage quadrupole serves as an ion accumulator and buncher, allowing a pulsed mass analyzer such as the Orbitrap to be coupled
to a continuous source like an electrospray ionization source. After accumulation and bunching in the storage quadrupole, the exit
lens (‘Lens 1') is pulsed low, the ion bunches traverse the ion transfer lens system and are injected into the Orbitrap mass analyzer

(shown end-on).

Qizhi Hu, Robert J. Noll, Hongyan Li, Alexander Makarov, Mark
Hardman, and Graham R. Cooks, The Orbitrap: a new mass
spectrometer, J. Mass Spectrom. 2005; 40: 430—443



Orbitrap: Implementation

A. Makarov, E. Denisov, A.
Kholomeev, W. Balschun, O.
Lange, K. Strupat, and S.
Horning, Performance
Evaluation of a Hybrid Linear
lon Trap/Orbitrap Mass
Spectrometer, Anal. Chem., 78
(2006) 2113-2120.



Micro-Gas Chromatography Systems (GC-GC)

S. Reidy, S.-J. Kim, K. Beach, B. Block, E.T. Zellers, K.
Kurabayashi, and K.D. Wise, A micro-fabricated two-
dimensional gas chromatography system, 2010
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Possible Implementation for an
Atmospheric Probe

< Atmospheric composition complex
Mass spectrometer
Enrichment cells, e.g. Cryo trap
Chemical pre-separation
TLS, He/H
< Sufficient sensitivity and vertical resolution
Non-scanning instruments — Time of Flight instrument
< Mass resolution and mass range
Not critical
Several mass analyser options
< Limit complexity
Simple Time of Flight instrument
Traps
Chemical pre-separation
< Limit instrument resources

IPPW 2019, Oxford
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Technological Development

RTOF / ROSINA / NGMS /GC-MS/ NIM/PEP /JUICE LMS / Rover
Rosetta Luna-Resurs 2016 BepiColombo
1997 2010 2003

€

€

=)

‘\-

o

<

RTOF Mass: 15 kg

NGMS Mass: 3.5 kg NIM Mass: 2.5 kg
Mean Power 30 W

LMS Mass: 0.5 kg
Mean Power 25 W  Shielding: 2.8 kg

Mean Power 3.0W
Mean Power 10.3 W

IPPW 2019, Oxford



Possible Future Developments

L)

¢ Increase in sensitivity

*

< Increased mass range
< |ncrease in mass resolution
< Reduced complexity

< Reduced instrument resources

IPPW 2019, Oxford



Noble Gas Sample Concentration:
Cryotrap

< Sample concentration

Even though a TOF-MS is over 1000 times more sensitive than Cassini INMS
(10x from ion source efficiency and 100 x from better duty cycle), calculations
show that it would take longer than the probe descent time to provide the
counting statistics required for the isotopes of Kr and Xe with sufficient accuracy

The noble gas enhancement can be achieved by using a combination of a
cryotrap, ion pump, and non-evaporable getter (NEG: SAES 172).

The NEG removes all constituents except methane and the noble gases.

The cryotrap traps the products of the NEG process, except for helium and some
neon.

The ion pump then operates to pump away the helium, which is the second
highest source of gas, thus enhancing the remaining noble gases ~ 200 times.

Helium and neon are measured using a separate mode.

CEAMS / SwRI, H. Waite



Scientific Requirements

TOF Spectrum

1) 2) WO“:_‘

|

100 120 140

STEP 1: Saturn atmosphere model (J. Moses) produced as

the basis for estimating the mass spectrometric 3)
measurement requirements (over 100 compounds from 0.5

to 20 bars).

STEP 2: Simulated mass spectrum generated using empirical
laboratory data (line shapes) from mass spectrometer
combined with NIST fragmentation and ionisation data and
solar isotopic abundance information (H. Waite).

STEP 3: Spreadsheet programme developed to determine mass
resolution and measurement time needed to satisfy the
requirements and thus generate a realistic operational scenario
(H. Waite).



Reduced Complexity
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Rosetta / ROSINA /| DFMS Sensor
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Instrument Overview
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DFMS, high resolution mode
Rosetta /| ROSINA: Active checkout PC4

Double Focussing Mass Spectrometer (DFMS)

DFMS, low resolution mode,

background spectrum, Dec 2006, P, ...~ 4 x10-"" mbar
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B. Schlappi, K. Altwegg, H. Balsiger, M. Hassig, A. Jackel, P. Wurz, B. Fiethe, M. Rubin, S.A. Fuselier, J.J.
Berthelier, J. DeKeyser, H. Réme, and U. Mall, "The influence of spacecraft outgasing on the exploration of

tenuous atmospheres with in situ mass spectrometry,”" Jou. Geophys. Res. 115 (2010), A12313
IPPW 2019, Oxford



Rosetta / ROSINA: Active checkout PC4
Double Focussing Mass Spectrometer (DFMS)
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RTOF /| ROSINA / Rosetta

M. Hohl, P. Wurz, S. Scherer, K. Altwegg, and H. Balsiger, Int. J. Mass Spectr. 188 (1999), 189-197.

S. Scherer, K. Altwegg, H. Balsiger, J. Fischer, A. Jackel, A. Korth, M. Mildner, D. Piazza, H. Réme, and P. Wurz,
Int. Jou. Mass Spectr. 251 (2006) 73—-81.
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RTOF mass spectrum (prototype) of the calibration compound heptacosafluorotributylamine, a
compound to demonstrate mass range. Mass range is unlimited by sensor itself, data acquisition
memory however limits the mass range that can be covered. In case of RTOF, the mass range is

up to 1000 amu.

S. Scherer, K. Altwegg, H. Balsiger, J. Fischer, A. Jackel, A. Korth, M. Mildner, D. Piazza, H. Réme, and P. Wurz,
"A novel principle for an ion mirror design in time-of-flight mass spectrometry,” Int. Jou. Mass Spectr. 251 (2006)
73-81.
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Some identified molecules and fragments

in the vicinity of Rosetta S/C

Carbohydrates PAH N-H Hydrazine C-N Oxygen N-O
C2 Cc3 C4 C5 N CN (0] NO
CH CH CH C,H C.H CH NH CHN C,H,N OH CNO
CH, CH, CH, C,H, C.H, CH, NH, CH,N C,H;N OH, HCNO
CH, CH CH,; C,H,; C.H, CH, C,H; NH, CH;N C,H,N ODH H,CNO
CH, CH, CH, C,H, CH, CH, C,H, N, CH;NH 18OH2 NO,
CH, CH, C,H, CH, CH, C,H, CH;NH, C,H,N o, HNO,
C,H, C,H6 C,H, C.H, C,H, CH,N,H C,HN H,NO,
CH, C,H, CH, CH, CH;N,H, C.H,N CHNO,
C,H, C,H, CH, C,H,, CH,N,H, C,H,N CH,NO,
Toluene
C,H,y CH, CH, C.H;N CH,NO,
C4H10 c5H10 C9H12 CZHGNO
C5H11 C4H4N2 HZNZO
CSHIZ CZNZO
C,HN,0
C,H,N,0
C,H,N,0
C,H.N,0
Yellow: Possible fragments from Monomethylhydrazine and N,O, C,HN,0
Green: Solvents C,H,N,0



Neutral Gas Mass Spectrometer
Luna-Resurs / Luna-Glob

176

\ 2 —

P. Wurz, D. Abplanalp, M. Tulej, and H. Lammer, "A Neutral Gas Mass Spectrometer
for the Investigation of Lunar Volatiles," Planet. Sp. Science (2012) in print.



Luna-Resurs Mission: GC — NGMS
Complex

IPPW 2019, Oxford



NGMS / Luna-Resurs
GC-MS complex

IPPW 2019, Oxford



NGMS FM



NGMS FM



Summary

<+ We developed a mass spectrometer for gas analysis of
atmospheres and exospheres

Mass range 1 — 1000 amu
Sensitivity * 1 cm= in 10 s integration
Prototype successfully used for stratospheric research

Abplanalp et al. Adv. Sp. Res. 2010, Wieser et al. Adv. Sp. Res.
2010

Flight design for Luna-Resurs
Mass 3.5 kg, power 17W

% Luna-Resurs: GC-MS

Investigation of the volatiles contained in the soil by GC-MS
analysis

Investigation of the lunar exosphere

Contamination by spacecraft
The Rosetta experience: Schlappi et al. JGR 2010

IPPW 2019, Oxford



15. Juli 2019

Negative lons in Titan’s Upper
Atmosphere

100 1000
Mass/charge (amu/q
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Detector Drift Tubes lon Mirror

TOF-MS Instrument / /

» Time-of-flight technique

» All masses are measured simultaneously
<« Robust, sim'misfé/stem

< Moderate need fer resources

lon Source

325 mm

a

D. Abplanalp, P. Wurz, et al., Adv. Space Res. 44 (2009) 870-878.
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P-BACE on the MEAP platform

Background image: NASA, http://visibleearth.nasa.gov/

< Balloon provided by Esrange
Space Center to test beyond line
of sight flight

< Semicircular flight following the
summer polar vortex

< Launched from Esrange, Sweden,
on 28 June 2008

< Altitude 33 ... 38 km

% Landed in Canada, near
Umingmaktok, on 3 July 2008.

< Recorded ~ 4500 mass spectrain
stratosphere

Species Measurement | Meas. | Literature Remarks
100 spectra Error value
20080701/ | [%]
18:50 —20:40)
P Ar/ " Ar 5313 7 5.35
PAT/ Sy 28 ppm 7 32 ppm
AT/ Ar 7.2:10™ 7 3.38:107 | Discrimination of small signals (ADC-card)
“INe/S, o 0.053 ppm 21 0.049 ppm | Possible interference with H,F'
“Ne/~Ne 40 80 9.782 Interferences with "Ar"" and CO, "
PKr/Kr 0.010 50 0.006
KrMKr 0.040 50 0.040
SKrMKr 0.200 L1 0.203
SKrMKr 0.200 11 0.202
YKrMKr 0.300 7 0.304
Kot/ Stat 1.15 ppm 6 1.14 ppm
Xe/ P Xe 0.9615 14 0.9833
el Xe 0.8846 14 0.7877
“Xel M Xe 0.3462 22 0.3882
HXelXe 0.3077 22 0.3299
Xewo/Sior 0.3 ppm 8 0.087 ppm | Consideration of the large cross section for
Xe gives a ratio of ~0.08 ppm
PHp/ " Hg 0.020 82 0.005
| g/ g 0.367 14 0.334
e/ He 0.600 14 0.565
g/ Hg 0.800 14 0.774
“THg/Hg 0.467 14 0.441
e/ Hg 0.233 14 0.230
Hgio/Sior 1.72 ppm 6 -- Source unknown (gondola)
04/S 0.59 ppm 21 8 ppm Pronounced fragmentation
H/D (H,/HD) 8800 14 8694
“Na'/S,, 0.99 ppm 11 ? Probably oceanic NaCl
PCa'0," /S, 0.07 ppm 21 ? Contamination or meteorite material

P. Wurz, D. Abplanalp, M. Tulej, M. lakovleva, V.A. Fernandes, A. Chumikov, and G.
Managadze, "In Situ Mass Spectrometric Analysis in Planetary Science," Sol. Sys.
Res. (2012) in press.




P-BACE on the MEAP platform

Iridium & GPS
Satellites
Redundant
Iridium &
GPS
antennas

P-BACE pressure

vessel ™

Gas feeding pump —__

X
.

|
Gas inlet 3 7m boom Platform control,
with microfilter Power
distribution,
Batteries

Solar arrays



MEAP flight path

Balloon provided by Esrange
Space Center to test beyond
line of sight flight

Semicircular flight following
the summer polar vortex

Launched from Esrange,
Sweden on 28 June 2008

116 hours flight time
Altitude 33 ... 38 km

Landed in Canada,
near Umingmaktok,
on 3 July 2008.

Recorded ~ 4500 mass
spectra in stratosphere

Umingmaktok

North Pole

Esrange

Back di : NASA, http://visibleearth.nasa.
ackground image p:/Ivisi 0858
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P-BACE quicklook data, dynamic range

Signal, normalized to N,

le-05 ¢

< D. Abplanalp, P. Wurz, L.
Huber, |. Leya, E. Kopp,
U. Rohner, M. Wieser, L.
Kalla, and S. Barabash,
Adv. Space Res. 44
(2009) 870-878.

v

le-06 V

H, N,
e T T T T 1T 7r T TT T3 & Rawdata
N O i
2 1 <+ No background
o Ar subtracted
0.01 —;
1 < Dynamic range:
0.001 = 6—7 orders of magnitude
; ; per spectrum
0.0001 = < Massrange:
i He : 1-1000 amu/q

le-07

le-08 - -
10 15 20 25 30 35 40 45 50

mass [amu/q]
Wed Tul 9 01:51:23 2008
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Operations Timeline (Saturn)

Pressurel Integrationl Verticall mass@pec.ll total@latal
Phase Altitudekm] Timedmin] Timelsec] [mbar] Speeddm/s] timefsec] #Bpectra resolutiondkm] [kbit] sciencekbit]
1500 -6.90 -414.18 1.00E-07
1 450 0 0 1.00E-04 2535.13 10 41.4 25.35 85.15 3526.8
2 15 2.86 171.6 4.00E+02 2534.97 10 17.2 25.35 85.15 1461.2
3 14 3.05 183 87.72 5 2.3 0.44 81.95 186.8
4 10 3.81 228.6 5.00E+02 87.72 5 9.1 0.44 81.95 747.4
5 -13 8.18 490.8 1.60E+03 87.72 5 52.4 0.44 81.95 4297.5
6 -140 61.4 3684 2.40E+04 39.77 11 290.3 0.44 85.59 24846.2
412.7 35066.0
total@ata@ciencedMbit] 34.24
MO8 T 71T T T T T T T 717 10710 | {l
1200} . : << | l
~1000 - ‘ h }‘
E I
< 800 - s ' ; |
[} 1074
© -~ | | I
g 600 7] <; | I
< 400 - PR ; |
s00k P (kg/m?) | g \ [
ol 1 1 11 L T ‘ e e 1 f
10-11 109 107 105 103 101 10! 103 ‘ ? I ; i Hy |
Pressure or density ; CHyD PH NH, | H,0 e |
Fig. 1. Densities measured and pressures derived ‘ Gefia :
from the density data. Threshold density was 3 x o5 ) ‘ |
10~ kg/m®; pressures extend from 1 nanobar to 10 ] 108 10~ 4 02 100
400 mb. Pressures are compared with Voyager Molézticction
occultation results (squares) (5). Figure 4.17. Observed and modeled abundance profiles in the atmosphere of Saturn.
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The Hera Mass Spectrometer Experiment

< Overall System Lead: » Mass Spectrometer
Lead: Peter Wurz (UBE) . Lead: Peter Wurz
Project Management: Davide Lasi (UBE) «  Project Management: Davide Lasi
Lead Engineer: Daniele Piazza (UBE) .

Lead Engineer: Daniele Piazza
* Lead Electronics: Matthias Luthi

* Cryotrap System
* Lead: Hunter Waite (SwRI)
* Project Management: Paul Wilson (SwRI)
» Lead Engineer: Chip Beebe (SwRI)

+ Reference Gas System
* Lead: Andrew Morse (OU)
* Project Management: Ross Burgon (OU)
» Lead Engineer: Simon Sheridan (OU)

+ TLS System
*+ Lead:
* Project Management:
* Lead Engineer:
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Measurement Accuracies

Phase@
H2,HowRensitivity
HD/H2
He,MowBensitivity
3He/4He
He/H2
CH4,HowBensitivity
12¢/C13
H2S,HowBensitivity
C2H2,HowRBensitivity
C2H6,dowRBensitivity
Ne,dowRBensitivity
Ar,dowBensitivity
Kr,dowBensitivity
Xe,HowBensitivity

PhaseB7RAYS
CH4,thighBensitivity
12¢/c13
NH3,thighBensitivity
14N/15N
H20m@tR20ebar,thighBensitivit,
H2S,thighBensitivity
CO,thighBensitivity
CO2,thighBensitivity
PH3@tE 1bar,thighBensitivit
AsH3,thighBensitivity
GeH4,thighBensitivity
C2H2,thighBensitivity
C2H6,thighBensitivity
Ne,thighBensitivity
Ar,thighBensitivity
Kr,thighBensitivity
Xe,thighBensitivity

Accuracy
5.0%
0.9%
5.0%
1.7%
1.5%
5.0%
1.9%
5.1%
9.0%
8.6%
5.7%
5.0%
12.1%
41.8%

Accuracy

5.0%
0.3%
5.0%
1.5%
6.5%
5.0%
163.8%
457.7%
5.1%
69.2%
445.0%
5.1%
5.1%
5.0%
5.0%
5.2%
6.1%

Phase®2
H2,HowBensitivity
HD/H2
He,HowBensitivity
3He/4He
He/H2
CH4,dowBensitivity
12¢/C13
NH3,HowBensitivity
14N/15N
H2S,dowRBensitivity
C2H2,HowRBensitivity
C2H6,HowRBensitivity
Ne,HowBensitivity
Ar,dowRBensitivity
Kr,dowBensitivity
Xe,HowBensitivity

Phase®

CH4,thighBensitivity
12C/C13

NH3,thighBensitivity
14N/15N

H20m@tE Otbar,thighBensitiv

160/170
160/180
H2S,GhighBensitivity
CO,thighBensitivity
CO2,thighBensitivity
PH3,thighBensitivity
AsH3,thighBensitivity
GeH4,thighBensitivity
C2H2,thighBensitivity
C2H6,thighBensitivity
Ne,thighBensitivity
20Ne/21Ne
21Ne/22Ne
Ar,thighBensitivity
Kr,thighBensitivity
Xe,thighBensitivity

Accuracy
5.0%
0.9%
5.0%
1.7%
1.5%
5.0%
1.9%
5.0%

12.6%
5.1%
9.0%
8.6%
5.7%
5.0%

12.1%

41.8%

Accuracy
5.0%
0.2%
5.0%

12.0%
5.0%
7.4%
3.1%
5.0%

110.5%
308.6%
5.0%
46.8%
300.0%
5.0%
5.0%
5.0%
5.4%
5.4%
5.0%
5.1%
5.5%

total@ataB@ciencedMbit]

34.24

Noble@asesd3@imesiryotrap) Accuracy

Ar@nriched

Kri@nriched

Xenriched

36Ar/38Ar

78Kr/Kr_tot
80Kr/Kr_tot
82Kr/Kr_tot
83Kr/Kr_tot
84Kr/Kr_tot
86Kr/Kr_tot

124Xe/Xe_tot
126Xe/Xe_tot
128Xe/Xe_tot
129Xe/Xe_tot
130Xe/Xe_tot
131Xe/Xe_tot
132Xe/Xe_tot
134Xe/Xe_tot
136Xe/Xe_tot

0.10%

1.06%
1.13%
0.46%
0.28%
0.23%
0.21%

6.18%
8.74%
6.28%
1.19%
0.85%
0.87%
0.49%
0.60%
0.74%
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Operations Timeline (old)

-178 to —143

~142

-141to —90

—54 to —35
=35

-35to —17
-17

-17 to -2.5
-2.5
—-251t00
0to +6

10%to 10-3

10-3

10-3to 10"

10~

10-'to 10
10

10 to 100

100

100 to 1000
1000

1000 to 8000
8000

8000 to 10°000
10’000 to 20°000

Mass spectra, low sens. (incl.
H,/He)

Hydro carbons measurements from
trap

Mass spectra, low sens. (incl.
H,/He)

Hydro carbons measurements from
trap

Mass spectra, high sens.

Hydro carbons measurements from
trap

Mass spectra, high sens.
Noble gas measurements from trap
Mass spectra, high sens.
Noble gas measurements from trap
Mass spectra, high sens.
Noble gas measurements from trap
Mass spectra, high sens.

Mass spectra, high sens.

Collect hydro carbons

Collect hydro carbons

Collect hydro carbons

Collect noble gases

Collect noble gases

Collect noble gases

Pressure (bars)

MO0 ——8—T—T T 7T 711

1200

~1000

m

=< 800

Altitude
[o2]
Q
[=]

s
Q
Q

3
sool. P Ko/m®)

0
1011 10 107

1
105 1023 101! 10! 103

Pressure or density

Fig. 1. Densities measured and pressures derived
from the density data. Threshold density was 3 x
10~ kg/m?; pressures extend from 1 nanobar to
400 mb. Pressures are compared with Voyager

occultation results (squares) (5).

CHD PH

10°|
10 10
Mole fraction

Figure 4.17. Observed and modeled abundance profiles in the atmosphere of Saturn.
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Measurement Accuracies: Known Species

H2

He
He/H,
CH,
NH,

4N/'SN from NH;

H,S

C,H,

C,Hg

PH,

H,O at 2 bar
H,O at 10 bar
160/70 in H,0O
60/18Qin H,O
CO

CO,

AsH,

GeH,

low sensitivity
low sensitivity
low sensitivity
low sensitivity
low sensitivity
low sensitivity
low sensitivity
low sensitivity
low sensitivity
low sensitivity
high sensitivity
high sensitivity
high sensitivity
high sensitivity
high sensitivity
high sensitivity
high sensitivity
high sensitivity

5%
5%
2.1%
5%
5%
5.6%
5%
6%
5.9%
5.6%
5.2%
5%
2.4%
1%
52%
150%
22%
140%
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Measurement Accuracies: Noble Gases

3SHe/*He
Ne

20Ne/2'Ne
21Ne/22Ne
Ar

S6Ar/38Ar
Kr

78Kr/Kr_tot
80Kr/Kr_tot
82Kr/Kr_tot
83Kr/Kr_tot

84Kr/Kr_tot

86Kr/Kr_tot

Low sensitivity

Low / high
sensitivity

High sensitivity
High sensitivity
Low sensitivity

Cryotrap

Low / high
sensitivity

Cryotrap
Cryotrap
Cryotrap
Cryotrap
Cryotrap
Cryotrap

0.8%
5.2% /5%

2.5%
2.6%
5%
0.11%
7% 1 5%

1.1%
1.1%
0.46%
0.28%
0.23%
0.21%

Xe

124Xe/Xe_tot
126X e/Xe_tot
128X e/Xe_tot
129X e/Xe_tot
130X e/Xe_tot

131Xe/Xe_tot
132X e/Xe_tot
134X e/Xe_tot
136X e/Xe_tot

Low / high sensitivity
Cryotrap

Cryotrap
Cryotrap
Cryotrap
Cryotrap
Cryotrap

Cryotrap
Cryotrap
Cryotrap

19% /5.1%

6.2%
8.8%
6.3%
1.2%
0.86%

0.87%
0.49%
0.6%

0.74%
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Summary

Possible Implementation

< Atmospheric composition complex &
Mass spectrometer
Enrichment cells, e.g. Cryo trap B
Chemical pre-separation
TLS, He/H

< Sufficient sensitivity and vertical
resolution

Non-scanning instruments — Time of <
Flight instrument

< Mass resolution and mass range
Not critical
Several mass analyser options
< Limit complexity
Simple Time of Flight instrument
Traps
Chemical pre-separation
< Limit instrument resources

*

Two mass spectrometers ?

One MS for survey mode
Full mass spectra

High cadence during entire
descent

One MS dedicated for specific
objectives

Noble gases, with traps
High mass resolution
Aerosols

IPPW 2019, Oxford
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Micro-Gas Chromatography Systems

- G . a4

400um
S B

Figure 3: Cross-sections of the laser-cut fluidic
interconnects and the column cross-section. The flow
channel is 120um across and 90um deep.

K.T.M. Beach, S.M. Reidy, R.J.M. Gordenker, and K.D.
Wise, A low-mass high-speed uGC separation column
with built-in fluidic chip-to-chip interconnects, IEEE
proc. 2011



IPPW 2019, Oxford



Quadrupole lon Trap Mass Spectrometer

2158 Rev. Sci. Instrum., Vol. 73, No. 5, May 2002

Filament

S
<
RS

FIG. 1. Schematic diagram of the Paul ion trap and electronics. The electron
filament is denoted by F’; the pulser which switches the filament bias voltage
is MS; ; that for switching the high voltage to the ion detector is MS, ; the
electron e lens elements are L; the trap end caps are E; the trap ring is R; and
the detector is D. Timing sequences of the voltages F, D, and ® are given in
Fig. 2. . .

Avice et al., A new quadrupole ion trap mass spectrometer
for measuring noble gases in planetary atmospheres,

O. J. Orient and A. Chutjiana, A compact, (2018) LPC 2083
high-resolution Paul ion trap mass

spectrometer with electron-impact

ionization, Review of Scientific Instruments

73, 2157 (2002)



Orbitrap

Ulr,7) = (22 ’2)+ (R)%1n [R—]+c

L)

0’0

Early work

A. Makarov, Electrostatic axially harmonic orbital
trapping: a highperformance technique of mass
analysis. Anal. Chem. 72, (2000) 1156—-1162

Qizhi Hu, Robert J. Noll, Hongyan Li, Alexander
Makarov, Mark Hardman, and R. Graham Cooks,

The Orbitrap: a new mass spectrometer, J. Mass
Spectrom. 2005; 40: 430—-443

Theory

Andriy Kharchenko, Gleb Vladimirov, Ron M. A.
Heeren, Eugene N. Nikolaev, Performance of
Orbitrap Mass Analyzer at Various Space Charge
and Non-ldeal Field Conditions: Simulation
Approach, J. Am. Soc. Mass Spectrom. (2012)
23:977-987

<  Multiple MS (MSM)

Robert Cho, Yingying Huang, Jae C. Schwartz,
Yan Chen, Timothy J. Carlson, Ji Ma, MSM, an
Efficient Workflow for Metabolite Identification
Using Hybrid Linear lon Trap Orbitrap Mass

Spectrometer, J. Am. Soc. Mass Spectrom. (2012)
23:880-888

J/
>

>



Relative Abundance

Zoom on mass 262

070511_Lot1MeOH_b #663-697 RT: 19,32-20,28 AV: 35 NL: 1,02E5
T: FTMS + p ESI Full ms [50,00-500,00]

100 COH16N7
o \
- C7HTZ2NR Isotopes
.
: ZC11H20N5
z0- C7H12N5’S}/ |

R. Thissen et al., IPAG 2013

IPPW 2019, Oxford



77535458
. Ca40 Hss O1s
Isotopic abundances, example on complex:
- C 36 H 39 @) 19
mixture...
fuhMque pos SIM700-800FT #6-336 RT: 0.15-977 AV 331 NL: 508E3
T: FTMS +p ESISIMms [700.00-800.00]
100 O Hu 0o 775.13636
o5 Ca4 H3z1 O21
9(% 77333907
8% 77326603 -
3 Cass Has O17
= 775.10005 m
70- 77430463 Css H27r O22 /
65; C771'3_|22936 v
E 77434089 V]
- / Y
E 77426786 / //j )
e U
- 77422613 77437241 7 AN A/
" Il 7 77506434 i V4 I 77539105
E 774.19037 Cso H1is Oqo / // C41 Hso O
3 T 13C "%V
3cé [ 77430463 CZSHL( / // Y/
: 774516380 | "
25; 7 1 2’ 4I: ’ 77426786
2(%; 77:71‘:;231 3 7439469 775964 \’ ¥, )1 775.51"
1 (j??AW 7'dﬁ h R — AJ\)L ! JL, Ca41 Hrs
89316 | |l ||| e - 5 e : - Aol
% 08702 VW W w \\/ I I | | I I | I I [ I
A TT40 M\ 7T 4,2 =7, TR 7748 7750 7752 7754
773 7734 7736 m/Z 4 4 - 46 X 775'

R. Thissen et al., IPAG 2013
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