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Abstract—The proposed Interstellar Probe (IP) spacecraft will
travel through the heliosphere and advance into the local
interstellar medium (LISM) within roughly 16 years, i.e., with
twice the speed as the Voyager spacecraft. IP will enable the
dedicated exploration of the heliospheric boundary by imaging
the heliosphere from inside and outside the heliopause, and by
directly sampling the unknown LISM. IP will also enable in situ
measurements in the undisturbed LISM beyond the
heliospheric bow shock or bow wave. The measurement of the
chemical composition of the neutral gas in the local interstellar
cloud is an important element of the scientific investigations of
IP. So far, the chemical composition of the LISM was mostly
inferred from pickup ions in the solar wind, from anomalous
cosmic rays, and from spectroscopic observations of nearby
stars. We are designing a highly specialized mass spectrometer
to measure the neutral gas at these extremely low densities. The
expected species to be recorded are H, He, C, N, O, Ne, Na, Mg,
Al Si, P, S, Ar, Ca, and Fe. In addition, this mass spectrometer
will measure the isotope composition of D/H, *He/*He, 2Ne/*'Ne,
and 3°Ar/38Ar of the LISM with unprecedented accuracy. These
measurements will take advantage of the long duration of the IP
mission, allowing for long integration times.
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1. INTRODUCTION

The proposed Interstellar Probe spacecraft (IP) of NASA
shall reach the undisturbed interstellar medium well beyond
300 AU within 50 years of travel time [1, 2], i.e., with 6.8 —
7.0 AUlyear, which is twice the speed of the Voyager
spacecraft. The IP mission is organized in three steps. First,
the Heliosphere phase, where IP will travel through the
heliosphere up to the termination shock, to about 90 AU,
within roughly 16 years. Second, the Heliosheath phase,
where IP will continue on its trajectory and fly through the
heliosheath within about 9 years up to the heliopause at about
150 AU [3]. Third, the Interstellar phase, where IP will enter
the very local interstellar medium (VLISM), reaching about
350 AU in 50 years. IP will enable the dedicated exploration
of the heliospheric boundary, imaging the vast heliosphere,
and direct sampling of the unknown LISM for the first time.
IP will also enable the first situ measurements in the
undisturbed LISM far beyond the heliospheric bow shock or
bow wave [4].

A European contribution at the level of medium-size mission
opportunity (equivalent to a M-class mission of ESA) was
proposed, referred to as STELLA [5], with contributions of
scientific instruments and contributions to the spacecraft.

The foreseen payload of IP includes 87 kg for the scientific
instruments, consuming 87 W. The scientific instruments are
a Magnetometer, Plasma Wave Instrument, Plasma Sub-
system, Pick-up Ion Instrument, Energetic Particle
Spectrometer, Cosmic Rays, Interstellar Dust Analyzer,
Neutral Mass Spectrometer, Energetic Atom Imager, and a
Lyman-alpha Spectrograph [1]. Here we present our design
for the Neutral Mass Spectrometer (NMS).
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The knowledge of the chemical composition of a stellar entity
is important to understand its origin and its evolution to the
present state. On IP the chemical composition will be
measured in all relevant domains namely in the thermal
plasma, in the energetic particles, in the neutral gas, and in
dust. In addition, measurements will be conducted to learn
about the interstellar environment, the local plasma
environment, the local dust distribution, high-energy particle
populations, and the radiation environment, the large-scale
structures of the heliosphere, and the photon environment.

So far, the chemical composition of the LISM was mostly
inferred from pickup ions in the solar wind [6, 7], from
anomalous cosmic rays [8], and from spectroscopic obser-
vations of nearby stars [9]. The Ulysses mission of ESA [10,
11] and the Interstellar Boundary Explorer mission of NASA
[12] performed direct measurements of the interstellar neutral
atoms flowing into the inner solar system. These data are
limited to a few major species of the LISM: H [13, 14, 15,
16], the D/H ratio [17, 18], He [13, 19, 11], O [13], and the
Ne/O ratio [20] in the VLISM (see also review in [21]).
Moreover, these measurements at 1 AU or other locations in
the inner heliosphere are not necessarily representative of the
unperturbed LISM [21], and many neutral species of the
LISM are completely lost on their travel into the inner solar
system due to ionization and other loss processes before they
can reach the inner heliosphere [23].

The NMS foreseen for IP has the following measurement
requirements: i) mass range 1 — 300 v/e (actually covering H
to Fe), ii) mass resolution m/Am = 100, iii) instantaneous
field-of-view of 10°, and iv) viewing in ram direction and co-
alignment with the dust instrument. The driver for the
instrument design is the composition of the LISM neutral gas
that has a total neutral density of no = 0.2 ¢cm ™, most of which
is hydrogen; the He abundance in the LISM is less than a
tenth of that, and heavier species have an abundance between
10~ and 10 with respect to H [24]. We are designing a
highly specialized neutral gas mass spectrometer, referred to
as NMS, to measure the neutral gas at these extremely low
gas densities. The NMS measurements will take advantage of
the long duration of the IP mission, allowing for long
integration times for the individual measurements.

Figure 2: Neutral Gas Mass spectrometer for the Luna-
Resurs mission [24, 25], proto flight model (left) and flight
spare model (right). 2

2. INSTRUMENT CONCEPT AND DESIGN

The Neutral gas Mass Spectrometer (NMS) for IP has to
measure gas densities at very low levels with an instrument
that requires low resources from the spacecraft. NMS is a
time of flight (TOF) mass spectrometer based on the design
of our previous TOF instruments for space research, such as
RTOF/ROSINA/Rosetta  [26], P-BACE/MEAP  [27]
NGMS/Luna-Resurs [24, 25] shown in Figure 2, and
NIM/PEP/JUICE [28] shown in Figure 1. Compared to other
mass spectrometer types, TOF mass spectrometers allow
measuring the whole mass spectrum instantaneously instead
of scanning over the mass range, which increases the
sensitivity significantly and reduces the needed measurement
time. In a time-of-flight instrument ions are produced
continuously in the ionization region of the instrument. With
a high-voltage extraction pulse these ions are accelerated into
the analyzer section. In our instrument these ion extractions
are done at 20 kHz. The pulsed extraction causes a duty cycle
in the use of the produced ions. To overcome the duty cycle
of the ion extraction we use an ion storage ion source [29,
28], which collects and stores the continuously produced ions
in the ionization region until the next extraction pulse
subjects these ions to the time-of-flight mass analyzer. This
improves the sensitivity significantly, for example for mass
spectra recorded in the low 107!° mbar range, mass peaks
down to 1-107'® mbar were identified in the mass spectra for
a recording period of only 5 s [24].

Quadrupole mass spectrometers (QMS) have a long history
in space research, see review in [30]. QMS, and the related

Figure 1: NIM instrument of PEP/JUICE. Left, the
golden structure is the sensor head unit, and right is the
electronics box.
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ion trap mass spectrometers, are scanning instruments, thus a
full mass spectrum is obtained by scanning across the desired
range of m/z values, where the resulting duty cycle has an
adverse effect on the sensitivity of the instrument. When
collecting full mass spectra, the advantage in sensitivity of a
TOF MS with an ion storage source over a scanning
instrument (e.g., a QMYS) is of the order of (10 * mass range).
Moreover, the need for high voltages at radio frequency
makes QMS instruments power hungry that is a problem for
the IP mission which is severely power limited.

The mass resolution R =m/Am of a TOF instrument is
calculated by R = tif/(2At) with twor the time of flight of an ion
and At the full width at half-maximum (FWHM) of the mass
signal peak. The longer the drift path, the longer the drift time
tof, which results in a better mass resolution. Size limitations
of the instrument imposed by the spacecraft limit the length
of the drift path length, though, and typically our instruments
are about 30 cm in the long dimension. Therefore, our ion-
optical design of the TOF analyzer includes an ion mirror to
almost double the drift path length, with the added advantage
for energy focusing which improves the mass resolution.
Even though the requirement for mass resolution is modest,
m/Am = 100, the better the mass resolution the better is the
signal-to-noise ratio. In a TOF mass spectrometer the ions of
an ion packet of a certain mass u/e are focused to shorter
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Figure 3: Schematic views of the NMS instrument with
major elements identified: top panel shows side from
approaching LISM gas flux; bottom panel shows the rear
side of NMS.

widths in time when increasing the mass resolution, but
keeping the total number of ions in that packet, i.e., keeping

the ion-optical transmission. Thus, the narrower the mass
peaks the higher the peak amplitudes by keeping the same
number of ions; the better mass resolution in a TOF
instrument improves the S/N ratio proportionally. With
previous instruments of this size, we routinely achieve m/Am
= 1000, which improves the S/N compared to the NMS
requirement by a factor of about 10.

Mass range of NMS is m/z 1 — 150 (regular mass range),
where m is the mass of the species under analysis and z charge
of the ion, and m/z 1 — 300 u/e (high mass range); earlier
instruments of this type have a mass range up to m/z 1000
[24, 28]. The mass range of a TOF instrument is easily
expandable as it basically is only limited by the length of the
memory recording the TOF spectra. Instead, the upper limit
of the mass range is given by the science requirements, which
here only warrant an upper limit of 300 u/e. For our previous
30 cm instruments, recording 16 bits horizontally was
sufficient for this mass range, including margin, when using
a2 GHz ADC [28, 32].

NMS uses electron impact ionization of neutral gas with a
typical electron energy of nominally 70 eV (50 eV to 150 eV
are possible) to produce the ions for mass spectrometric
analysis [33]. Two thermionic cathodes, a main and a
redundant filament, serve as electron emitters in the NMS
instrument. Electron impact ionization is a simple and the
classical ionization source, which we have used in all
previous mass spectrometers for space flight. The two
filaments will be enhanced yttrium oxide filaments, Y20se,
to minimize the power consumption while increasing their
lifetime [33].

The relative speed of the spacecraft with respect to the
interstellar gas of about 59 km/s results from the speed of the
spacecraft of about 33 km/s and the flow velocity of the
interstellar gas with respect to the Solar System of about
26 km/s [34, 19]. Direct measurement of neutral gas at these
relative speeds is not possible, as discussed in reference [35],
because these high speeds correspond to energies of the
formed ions that cannot be handled by such an ion-optical
system of the mass analyzer. Instead, we have to use an ante-
chamber to thermalize the gas stream before subjecting the
gas to the ion source of NMS. We already used an ante-
chamber for the NIM/PEP instrument on JUICE, see Figure
1 and reference [28]. The additional advantage of an ante-
chamber is the ram pressure enhancement of the density
inside the cavity of the ante-chamber n compared to the
outside density no thanks to the thermalization of the hyper-
velocity gas stream of the interstellar gas entering the ante-
chamber [31]. Because of the high relative velocity of the
spacecraft and the LISM gas stream, the density enhancement
is more than a factor of 100 for the heavier species of the
LISM, as can be seen in Figure 4.

For power reasons the NMS instrument cannot be turned on
all the time during a 50-year mission. Also, the filaments and
the detector have a limited lifetime. Thus, NMS will be
operated at regular intervals, which has to be studied against

Authorized licensed use limited to: University Bern. Downloaded on May 17,2024 at 07:38:16 UTC from IEEE Xplore. Restrictions apply.



resources from the spacecraft and consumables of NMS
components.

The outward trajectory of IP, after the Jupiter gravity assist
maneuver, will be near the upwind direction of the LISM gas
flow. To maximize the signal strength the NMS instrument
pointing should be in the ram direction within 2° accuracy,
which might make a scanner platform for NMS necessary,
depending on the spacecraft pointing during the outward
trajectory and the NMS accommodation on the spacecraft.

Table 1. Summary of NMS instrument specifications.

Parameter Current Best Estimate/Comments

Mass (kg) 10 kg, instrument
a
s K8 5 kg, scanner

LxWxH=30cmx45cmx35cm
LxWxH=30cmx45cmx45cm

Volume (cm?)
Witch scanner

Thermal Non-Op: —40°C to +60°C
requirements Op: —20°C to +40°C

Data Volume Direct meas.: 1.12 Mbyte per day
(compressed) Foil read-out: 5.03 Mbyte per foil
Field-of-view 10° full angle

Pointing of 20

FoV center

Current TRL 5, some sub-units 7—8
Duratl.on of Entire IP Mission
Experiment

To increase the sensitivity of NMS further, it will employ the
foil collection technique where LISM atoms are implanted in
a suitable collection foil for later analysis. The foil collection
technique was used for collecting solar wind ions during the
Apollo missions [36] and later for the Genesis mission [37],
and for collecting interstellar gas atoms on the Mir space
station [38]. NMS will have 50 foil collectors accommodated
on the sampling disk to be exposed to the LISM gas flow, one
collection foil at a time. Typical collection periods on a single
foil will be about one year. This corresponds to a spatial
averaging of 6-7 AU along the IP trajectory, which is
acceptable for most mission phases given the spatial
dimensions of the heliosphere [3]. To release the implanted
species from the foil it will be heated stepwise to
temperatures of 1500°C — 2000°C to release all elements up
to Fe into the gas phase. There will be 128 temperature steps,
optimized for the release temperatures for the different
species implanted into the foil. Most likely, the heating will
destroy the collection foil, thus, each foil can only be used
once. The foil to be analyzed is rotated into the ionization
region of the ion source of the mass spectrometer so that the
species released from the foil will be directly placed in the
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Figure 4: Calculation of the density enhancement in the

ante-chamber because of the ram pressure enhancement
for a relative gas speed of 59 km/s, based on [31].

ionization volume of the NMS ion source for efficient
ionization and detection of the material collected in a foil.

Figure 3 shows a schematic drawing of the NMS instrument
with its major components, the NMS sensor unit (the actual
mass analyzer), the electronics box, the ante-chamber, the
sampling disk with the collection foils, the ion suppressor,
and the scanner in case that it is needed. Figure 5 shows a
detail of the ion source design with one of the collection foils
placed at the ion source ionization region for read-out of the
material implanted in the foil during its exposure to the LISM
gas flow. For read-out of the implanted material, the
collection foil will be heated in temperature steps until
complete destruction of the collection foil. As evaporation
temperatures are typically material specific, chemical species
will be released in a sequence, simplifying their analysis
during post-processing.

The NMS instrument will be operated in two different modes.
One mode is the direct (ante-chamber) measurement of the
LISM gas along the IP trajectory at regular intervals, in

Figure 5: Detail showing the ion source, the detector, the
sampling disk with the foil collectors, and the ante-
chamber.
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current planning once per month, which gives 600
measurement days during the 50-year mission. Such a direct
measurement takes 1 full day (24 hours), and produces
1.12 Mbyte of data (compressed). The other mode is the read-
out of the collection foil, which takes about 1 week, including
cleaning the ion source, cleaning the collection foil, back-
ground measurements, and the actual foil read-out. This
mode produces 5.03 Mbyte of data (compressed) per foil
read-out. The collection foil read-outs add an additional 350
measurement days. In total the NMS operation is close to
1000 measurement days, which is compatible with the
expected lifetime of filaments and detector. Currently, two
filaments are foreseen, but if necessary, even four filaments
can be accommodated in the ion source to have more reserves
for the long mission duration. The detector is the more severe
limitation. Using micro-channel plate detectors (MCP) their
lifetime is given by the total extracted charge which results in
the 1000 operation days. Implementing redundancy in the
detector is not straight forward, but might have to be
considered given the long duration of the IP mission. A
summary of the key facts of the NMS instrument for IP is
given in Table 1.

The temperature of the LISM gas of about 7400 K [34, 19]
together with the ram speed of the LISM gas result in an
angular width of the gas flow of up to 1.5° (half angle) at the
IP spacecraft. To cover the full angular distribution of the gas
flow and allow for moderate pointing requirements of the
spacecraft for the NMS instrument, the resulting field-of-
view of NMS is 10° full angle.

The radiation environment for the Interstellar probe mission
has been estimated for several mission scenarios [39]. The
total accumulated radiation dose behind 10 mm Al is about
30 krad considering the following contributions: 1. About
0.2-year launch and checkout; 2. About 0.6-year cruise to
Jupiter; 3. Jupiter gravity assist (JGA) maneuver; 4. About
12-year (inner) heliosphere phase; 5. About 5-year helio-
sheath phase; 6. About 35-year interstellar phase in the very
local interstellar medium (VLISM); and the 7. background
gamma rays from the radioisotope thermoelectric generator
(RTG). This total radiation dose can easily be handled by
passive shielding and suitable radiation tolerant components
(e.g. at the 100 krad level).

3. EXPECTED PERFORMANCE

NMS will have to measure the neutral gas of the LISM at very
low number densities. Two measurement modes are foreseen,
the direct measurement of the flux of neutral gas into the ante-
chamber, and the collection of the neutral gas in the collection
foils and the later read-out of these foils.

To estimate the signals that will be recorded with NMS
during the mission we start with an estimate of the
abundances of species in the local interstellar medium [40].
Table 2 shows the densities of the elements in the LISM and
the expected fluxes at the IP spacecraft in the Interstellar
phase.

For the estimate of signal from the direct mode we start with
the density of a species in the interstellar medium. For each
species we consider the density enhancement in the ante-
chamber because of the ram pressure effect of gas at an
incoming speed of 59 km/s (see Figure 4), and the overall
detection efficiency [41]. The ion source is a so-called
storage ion source, which overcomes the duty cycle losses of
conventional ion sources for TOF mass spectrometers [42,
28]. NMS measures a complete mass spectrum with a
cadence of 20 kHz. These mass spectra are added to form a
histogram for a selected period, depending on the need of S/N
and data reduction. After NMS turn-on, the integration period
is shorter, 10-100 s, to evaluate outgassing of the instrument
and of the ion source. After about an hour we will switch to
integration times of 1h. The longer integration time will
increase the sensitivity and reduce the data rate at the same
time. Since the interstellar signal is expected to be constant
on much larger time scales [43] hence, long integration times
will not be a problem. Table 2 shows the expected counts for
some integration times, 1-s to estimate the efficiency of the
instrument, 1-h as the nominal data product, and 1-d when
integrating all measurements of a 24-h measurement day.
Numbers printed in green have a sufficiently high S/N to be
evaluated scientifically. In direct mode we can measure the
major species and the noble gases He, Ne, and Ar. This will
give a data set of 600 measurements along the IP trajectory
for these species.

To estimate the signal from the foil collection mode we start

with the flux of interstellar species as seen on the IP
Elements H He C N (o] Ne Na Mg Al Si P S K Ar Ca Fe

n_X/ n_H[*1e6] 1.00E+06 1.00E+05 661 46.8 331 123 2.04 6.61 0.0794 8.13 0.219 15.8 0.304 2.82 0.000407 251
n [cmA-3] 0.25 0.025 1.65E-04 1.17E-05 8.28E-05 3.08E-05 5.10E-07 1.65E-06 1.99E-08 2.03E-06 5.48E-08 3.95E-06 7.60E-09 7.05E-07 1.02E-10 6.28E-07
flux [cmA-2 sA-1] 1.46E+06 1.46E+05 9.62E+02 6.81E+01 4.82E+02 1.79E+02 2.97E+00 9.62E+00 1.16E-01 1.18E+01 3.19E-01 2.30E+01 4.42E-02 4.11E+00 5.93E-04 3.65E+00

Ante-Chamber

Ram enhancement 48.7 97.38 168.7 182.2 194.8 217.8 233.5 238.5 253 257.7 271.1 275.4 304.1 292.2 307.9 364.3
Counts [s-1] 1.22E+02 2.43E+01 2.79E-01 2.13E-02 1.61E-01 6.70E-02 1.19E-05 3.94E-05 5.02E-07 5.24E-05 1.48E-06 1.09E-04 2.31E-07 2.06E-03 3.13E-09 2.29E-05
Counts [h-1] 4.38E+04 8.76E+03 1.00E+02 7.67E+00 5.80E+01 2.41E+01 4.29E-03 1.42E-02 1.81E-04 1.89E-02 5.34E-04 3.92E-02 8.32E-05 7.42E-01 1.13E-06 8.23E-03
Counts [d-1] 1.05E+06 2.10E+05 2.41E+03 1.84E+02 1.39E+03 5.79E+02 1.03E-01 3.41E-01 4.34E-03 4.53E-01 1.28E-02 9.40E-01 2.00E-03 1.78E+01 2.71E-05 1.98E-01
Foil collection

LISM flux [ sA-1] 1.46E+06 1.46E+05 9.62E+02 6.81E+01 4.82E+02 1.79E+02 2.97E+00 9.62E+00 1.16E-01 1.18E+01 3.19E-01 2.30E+01 4.42E-02 4.11E+00 5.93E-04 3.65E+00
Counts [wk-1] 8.81E+06 8.81E+05 5.82E+03 4.12E+02 2.91E+03 1.08E+03 1.80E+01 5.82E+01 6.99E-01 7.16E+01 1.93E+00 1.39E+02 2.68E-01 2.48E+01 3.58E-03 2.21E+01

3.77E+07 3.77E+06 2.49E+04 1.77E+03 1.25E+04 4.64E+03 7.70E+01 2.49E+02 3.00E+00 3.07E+02 8.26E+00 5.96E+02 1.15E+00 1.06E+02 1.54E-02 9.47E+01
4.59E+08 4.59E+07 3.04E+05 2.15E+04 1.52E+05 5.65E+04 9.37E+02| 3.04E+03 3.65E+01| 3.74E+03 1.01E+02  7.26E+03 1.40E+01 1.30E+03 1.87E-01 1.15E+03

Counts [mo-1]
Counts [yr-1]

Table 2: Estimated counts for the expected elements for the two NMS modes, direct mode with the ante-chamber and
the foil collection mode. Densities for the LISM are from [40]. See main text for further details.
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spacecraft in the Interstellar phase. The species are implanted
in the foil with some efficiency, thermally released during the
read-out process, ionized in the ion source and registered
after mass analysis. Table 2 shows the expected counts for
selected integration times, 1-week to estimate the efficiency
of the collection process, 1-month for e.g. around the
heliopause, and 1-year as the nominal data product. Numbers
printed in green have a sufficiently high S/N to be evaluated
scientifically. In the foil collection mode, we can measure all
expected species except for Ca, which will give a data set of
50 measurement points along the IP trajectory for these
species.

The estimates for the abundance of elements in the LISM [40]
include neutral species and ions (with charge states 1 to 4).
Both the direct channel with the ante-chamber and the foil
collection technique do not distinguish between neutral and
ionized species, they measure neutral and ionized particles
together, independent of their charge state. Since neutral and
ionized particles are present in the LISM in comparable
amounts, their separation to make a statement on the
ionization state of the LISM (which is relevant for plasma
models of the LISM-heliosphere interaction) is required. This
separation is accomplished by an ion suppressor added in
front of the ante-chamber (and possibly in front of the
exposed collection foil). By switching the ion suppressor on
or off we will measure the neutral flux and the total flux,
respectively. The technical implementation of an ion-
suppressor is straight forward (see Figure 3), the scientific
need for it must be evaluated in future studies, as it would
present a duty cycle for total flux measurements.

SIMION

Figure 6:
distribution in the ion suppressor (top panel) and the
trajectories of positive (red) and negative (blue) ions and
neutral atoms (green) of up to 3 keV (bottom panel).
Deflection electrode potentials are at +1kV and —1kV.

calculation of the potential

The ion suppressor design is based on an electrostatic
deflection scheme, see Figure 7, top panel. To simulate its
effectiveness a SIMION ion-optical calculation was
performed with a total of 160’000 ions covering a wide
energy range entering the ion suppressor within the nominal
field of view (see Figure 7, bottom panel). Figure 7 shows the
incident ion energy as function the location along the
symmetry axis where they hit the suppressor surfaces.
Deflection voltages were at +1 kV and —1 kV deflection
voltage on the upper and lower electrode, respectively. The
ante-chamber is to the left with the entrance at x=111 mm.
Typical ion energies of solar wind H" and He*" are indicated
by the horizontal lines, although IP will fly in the the solar
wind and thus it is very unlikely that these ions can enter the
instrument. Also, interstellar Fe* at 1 keV, the highest-mass
component of the LISM expected to be measured, is
indicated. No ions below 5 keV energy can get through the
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Figure 7: SIMION calculation of the ion impact location
in the ion suppressor at a deflection voltage of +/— 1 kV
(blue dots) and +/— 2 KV (red dots). Vertical dashed line
indicates the entrance into the ante-chamber, horizontal
dotted line is for solar wind H*, and the horizontal dashed
line is for solar wind He** and for LISM Fe*.

system (transmission < 107%). Remaining ions that make it
into the antechamber are all above 5 keV initial energy (top
left dots in Figure 7). The overall simulated transmission of
5 — 10 keV ions through the ion deflector into the
antechamber is 1.01-1073. If necessary, the deflection electric
field can be increased to also suppress those higher-energy
ions. This is shown in Figure 7 (red dots), where 10° ions
above 5 keV were flown through the ion suppressor with the
deflection electrodes at +/— 2 kV. In this case, no ions at
energies below 10 keV made it into the antechamber.

The expected signal levels given in Table 2 for the two NMS
modes are for the trajectory outside the heliopause. Inside the
heliopause filtration effects occur, where the neutral density
of an element is reduced because of charge exchange
processes between the neutral atoms and ions [44, 23].
Furthermore, inside the heliopause, the ions will be deflected
by the electromagnetic fields in these locations and thus the
ion density will be reduced. No LISM ions will pass through
the termination shock of the heliosphere, thus only the neutral
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LISM signal will be recorded by NMS during the heliosphere
phase. Thus, with NMS measurements along the IP trajectory
passing the termination shock, and the heliopause, the
measured signal will reflect these different plasma entities
directly. Figure 8 shows the expected density profile along
the IP trajectory for H and He atoms using n7 = 0.127 cm™ at
the heliospheric termination shock, and nz7 = 0.195 cm™ and
nue=0.016 cm™ at 1000 AU [45, 46, 47, 48]. LISM He atoms
hardly interact with the heliospheric plasma, thus they enter
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Figure 8: Expected density profile for LISM H and He
atoms along the IP trajectory.

into the solar system unaffected and only in the inner solar
system their density reduces somewhat because of ionization
by solar photons and solar wind electrons. In stark contrast,
LISM H atoms strongly interact with the heliospheric plasma,
mostly via charge exchange between H atoms and protons.
This interaction leads to a density enhancement in front of the
heliopause by about a factor 2, the so-called hydrogen wall,
and a continuous reduction of LISM H inside the heliosphere
because of photo-ionization and charge exchange processes.
Such density profiles will be recorded for all mentioned
LISM species, which will allow to study the interaction of the
LISM and the heliospheric plasma in unprecedented detail.

Measuring the composition of neutral gas in the interstellar
gas flow is also a challenge for testing and calibration
because the gas arrives at a speed of 59 km/s. This speed
translates to a specific energy of 18 eV/nuc, or an energy
range from 18 eV to about 1 keV for the elements from H to
Fe. Since the detection in NMS is either via implantation in
the collection foil or via the ante-chamber one can use an ion
beam for the calibration. Since ion beams can be
characterized very well, calibration of NMS will allow for
accurate measurements of the densities of the different
species in the LISM.

4. CONCLUSIONS

We presented an advanced design for a very sensitive mass
spectrometer for the IP mission. The primary science goal of
NMS is the measurement of the composition of the very local
neutral interstellar gas, sufficiently outside the influence of
the heliosphere, with measurements foreseen for the entire
trajectory. Possibly, the trajectory of IP allows for flybys of

trans-Neptunian objects like Quaoar, Ixion, Orcus, or others
to be identified in the future, which might also provide
opportunities for mass spectrometric investigations if the
flyby distance is close enough.

The measurement requirements for NMS are composition
and density of the interstellar gas i) the major species, H and
He, ii) of the heavy species, C, N, O, Ne, Na, Mg, Al, Si, P,
S, Ar, Ca, and Fe, iii) and isotopes of the more abundant
species: D/H, *He/*He, *Ne/?**Ne, 3°Ar/*8Ar, and possibly
others. This list of species to be measured allows to derive
some astrophysical important element ratios, like the Ne/O
ratio that provides information on the evolution of our Milky
Way [20]. Making the ISM composition measurements along
the trajectory of IP, from the inner Solar System all the way
to the undisturbed interstellar medium. Their densities are
extremely low and a challenge for in situ investigations. NMS
high sensitivity is the result of the combination of several
factors: 1) the high sensitivity of the mass spectrometer itself,
i) the significant ram-pressure enhancement in the ante-
chamber resulting from the high velocity of the IP spacecraft,
iii) long integration times for the direct measurements, iv)
extremely long integration times by using the foil collection
technique.

The measured particle density profiles of individual species
along the S/C trajectory will also serve to derive the filtration
of the species at the interface between the heliosphere and the
interstellar medium. By adding an ion-suppressor to the ante-
chamber and possibly to the collection foil the ionization state
of the LISM can be measured.
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