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Abstract

Pre-flight instrument calibration is a key step in the development process of new instruments
for the observation of Energetic Neutral Atoms (ENA) at low energies in space. This is
important in regard of the IMAP-Lo instrument on the upcoming Interstellar Mapping and
Acceleration Probe (IMAP) mission, which is currently under development.

The objective of this work was to improve the laboratory calibration capability for low-energy
ENA instruments by obtaining more accurate knowledge of the calibration neutral beam fluxes
and neutral energy at the instrument calibration. In order to achieve this goal, a laboratory
device was developed and tested to measure the neutral atoms flux from a neutral-beam
source at low beam energies in an absolute manner, independent of the detection efficiency.
By application of the newly developed Absolute Beam Monitor (ABM), the low-energy neutral
atom beam source of a calibration facility for space instruments was calibrated in preparation
for the calibration campaign of IMAP-Lo at the University of Bern.

To support the IMAP-Lo instrument development, charge-state conversion surfaces were char-
acterized experimentally in a dedicated particle-scattering test facility.
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1. Introduction

Space, the whole universe —
| know no better place
To find new physics.

Eugene Parker

Space is not empty. The dark void between galaxies is not truly empty. Neither is the
interstellar space between individual stars in our galaxy, the Milky Way. In fact, interstellar
space is filled with a dilute, partly ionized gas termed the Interstellar Medium (ISM).

1.1. Heliosphere

The Sun, and with it the entire solar system, moves through the surrounding Interstellar
Medium at a speed of about 26 km/s. This is not the solar orbital velocity on its orbit around
the galactic center (which is roughly 220 km/s), but it is the solar system'’s relative motion
with respect to the Interstellar Medium's rest frame. On its way through the ISM, the Sun
clears a gigantic bubble into the ISM, the heliosphere, by emission of a steady particle stream,
the Solar Wind. An illustration of the heliosphere is shown in Fig. [1.1]

Solar Wind. The interplanetary space in our solar system is in fact not empty, but is suffused
with a dilute medium of light atomic gases, ions and electrons. The dominant constituents of
this medium is made up of the Solar Wind (SW), a constant steam of charged particles flowing
outwards in all directions radially away from the Sun at supersonic speeds. The existence of
a Solar Wind was first predicted by Eugene Parker in 1958 and was soon after confirmed
by spacecraft Luna 1 and Mariner 2. The Solar Wind originates from the Sun's corona (the
beautiful gleaming crown one can see during a total eclipse), where matter is in a state of
almost completely ionized plasma, at temperatures of a few million Kelvin.
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The Solar Wind, similar to the Sun's corona, is composed predominantly of protons, electrons
and a few percent of alpha particles (*He?") at energies from 500 eV — 10 keV. lts density
decreases with the square distance from the Sun and is around 3 — 10 cm~2 at 1 Astronomical
Unit (1 AU: Sun-earth distance). The Solar Wind speed varies with solar latitudes and the
solar cycle; it is around 400 km/s near the ecliptic and amounts up to 750 km/s at high solar
latitudes and over the poles. The SW speed distribution is thus aligned with the dipole solar
magnetic field.

Despite the very high temperatures and thermal velocities at the Sun’s corona, these are
not sufficient to explain the high velocities of Solar Wind particles. Another acceleration
mechanism, possibly by magnetic reconnection processes in the solar magnetic field, is involved
in accelerating the Solar Wind to supersonic speeds. Furthermore, the Sun's magnetic field
lines are frozen-in to the Solar Wind, hence the magnetic field is carried radially outward. In
combination with the rotation of the Sun, this creates a global spiral structure of the magnetic
field in interplanetary space, the Parker Spiral.

Figure 1.1.: lllustration of the heliosphere. At the center you see the Sun and solar system
planets, surrounded by the supersonic Solar Wind (blue) inside the Termination
Shock boundary, the heliosheath (fair blue), and the heliopause boundary to the
Interstellar Medium (background). The Sun's motion is to the right side (nose),
where a bow wave forms in the ISM (light red). Positions of V1 and V2 spacecraft
in interstellar space are added. [Image credit: NASA.]

Heliosphere. The supersonic Solar Wind extends out through the solar system as far as
about 90 AU until the SW speed drops below the sonic point. (For comparison, the outermost
planet, Neptune, is 30 AU away from the Sun.) This is where a steady shock front builds up,
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the Termination Shock (TS). Besides the transition from the upstream supersonic speed to
a subsonic plasma flow outside, the downstream Solar Wind is also much denser and warmer
after the TS than in front. The Termination Shock has a spheroidal global shape. On the
outside, the shocked Solar Wind continues its outward propagation across a region called the
heliosheath, until it reaches the final boundary region of our solar system towards interstellar
space in terms of space plasma, the heliopause.

Heliopause. At the heliopause, roughly 120 AU from the Sun, the solar wind is stopped
by the Local Interstellar Medium (LISM), with which the SW is in pressure balance. The
heliopause boundary is marked by a sharp decrease in the flux of solar protons, and an increase
in incoming interstellar atoms and ions as well as Galactic Cosmic Rays, which are highly
energetic particles or photons originating from distant sources within our galaxy. At the
heliopause, the solar magnetic field carried along by the Solar Wind is in contact and mutual
interaction with the interstellar magnetic field. Thus, the heliopause marks the boundary of
our solar system towards interstellar space.

Heliosphere structure. At present, it is not determined what the global shape of the
heliosphere looks like. Several heliospheric models exist [19], predicting a spherical-closed, or
a croissant-shaped heliosphere with two lobes extending from the solar polar regions, which are
bent back in anti-ram direction by SW interactions with the ISM and interstellar magnetic fields
and end up in turbulent plasma motion [25]. The currently most popular global heliosphere
picture predicts a comet-like shaped heliosphere directed towards the direction of the Sun's
motion through the ISM, the nose. This is the celestial region where the heliopause is closest
in from the Sun. At the nose, the pressure balance and magnetic field interaction at the
heliopause cause the slow Solar Wind to be deflected and to stream along this boundary
downwards to the tail of the heliosphere. At the same time, the LISM in front of the nose is
also perturbed and compressed by the SW pressure, so that a bow wave piles up at the front.
At the opposite celestial direcion, the heliosphere extends in an elongated heliotail, with few
details known from measurements so far, but it is suggested that the heliopause is much further
away from the Sun than towards the nose. It is also not clear whether a heliopause boundary
also exists in the heliotail, at much larger distance from the Sun, or if the heliotail remains
‘open’, and the ISM and Solar Wind plasma ultimately mix up with no distinct interaction
boundary.

It is confirmed, though, that the heliosphere as a whole is not static at all: in contrary, its
size, plasma properties and likely the shape change dynamically over time, e.g., with changing
solar activity over a solar cycle and perhaps also due to local conditions in the ISM. The
heliosphere is not a specialty of our Sun: astrospheres surrounding other stars have been
imaged, in particular the nose region, suggesting that astrospheres are a common feature of
stellar plasma interaction with its interstellar surroundings.

Interstellar Medium. The ISM is interspersed with an interstellar magnetic field. The ISM
is composed of molecular, atomic and ionic gas (99 %) as well as dust (~ 1 %), cosmic rays
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and electromagnetic radiation. The most abundant gaseous ISM compounds are hydrogen
and helium (about 9 %), with around 0.1 % of heavier elements. The ISM gas density is in
the order of 0.1 cm™3.

1.2. Energetic Neutral Atoms

Energetic Neutral Atoms (ENAs) are fast electrically neutral single atoms travelling freely
through space. Light atomic species like hydrogen, helium and oxygen are very common,
but also deuterium, neon, carbon, sulfur, sodium, and other heavier elements can be found
depending on their source. ENAs are created from charge exchange interactions of space
plasma ions with slow neutral ambient background gas particles. For example, a fast proton
picks up an electron from a neutral atom at relative rest:

HT + A — H° + A"

The neutralized ion largely retains its energy-momentum, constituting now an ENA. Plasma
ions and electrons are highly affected by magnetic fields in space: they are accelerated and, due
to the Lorentz force, start to gyrate about the magnetic field lines. Thus, they are confined
(‘trapped’) into the magnetic field configuration. ENAs, as opposed to ions, are not affected by
electromagnetic forces and thus propagate through space at very large distances, unperturbed
by the present magnetic field, just subject to the gravitational potential. Therefore, ENAs can
transport information about their source plasma population such as the distribution, density
and composition to a remote observer, information that would otherwise not be accessible
from a distance. This is what makes ENA detection in space an interesting and important
observation technique. ENA can be observed in a wide range of energies, from as low as 10 eV
up to 1 MeV.

ENA sources. Sources of ENA can be found almost everywhere in space: fast solar wind
ions are neutralized in charge-exchange collisions to form heliospheric ENAs, predominantly
hydrogen. The plasma population of planetary magnetospheres is another source of ENA,
especially hydrogen, helium and oxygen. In Jupiter's magnetosphere, sulfur is also present,
which originates from intense volcanic activity on the innermost Galilean moon, lo. Moreover,
solar wind interactions with planetary atmospheres or the surface can also produce an ENA
population around the planet or moon.

Finally, as the Sun moves through interstellar space, interstellar neutral atoms (ISN) from
the Local Interstellar Medium can penetrate the heliopause and travel on hyperbolic free-fall
trajectories into the (inner) solar system, where they can be observed as a distinct population
of ‘ENA’. As they start off all at roughly the same relative velocity, ISN species show a char-
acteristic observed energy depending on their atomic mass and apparent incidence direction.
The major ISN component is also hydrogen, accompanied by some fraction of helium, oxygen,
deuterium, neon, and further trace species. Particularly, the determination of the D/H abun-
dance ratio in the ISM by energetic neutrals observations is an outstanding scientific question
related to Big Bang nucleosynthesis.
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ENA Imaging. Over the last two decades, ENA imaging has become an important obser-
vation method in space plasma and planetary science. Remote detection of ENAs allows to
observe and analyze source ion populations which would otherwise not be accessible. Nev-
ertheless, imaging observations of ENAs are still challenging by the fact that the observable
ENA fluxes are often very low, and the detection efficiencies decrease below the percentage
level at low energies. Furthermore, electrically neutral particles cannot be directly analyzed by
ion-optical means, so an efficient ionization technique suited for space applications need be
in place in an ENA imaging instrument. At energies below 1 keV, the widest used ionization
method to date is via surface scattering at grazing incidence angles. Review papers on ENA
imaging were written by Gruntman [16] and Wurz [51].

1.3. Space Missions

Much of what is known today about the heliosphere and planetary magnetospheres has been
learned from data from spacecraft on (inter-)planetary missions. Here is a selection of impor-
tant missions that contributed to our knowledge of the heliosphere.

Voyager. The two NASA spacecraft Voyager 1 (V1) and Voyager 2 (V2), launched in 1977,
were originally built to investigate the giant planets and the outer solar system. In 2004 and
2007, respectively, Voyager 1 and 2 crossed the Termination Shock, and in 2012, V1 was the
first human-built object to cross the heliopause and to enter into interstellar space, followed
by V2 in 2018. Both spacecraft left the solar system in the direction of the heliosphere's
nose. Each probe carries a particle detector, cosmic ray detector, and a magnetometer on
board, which are still in operation after 45 years. The data on space plasma and interplanetary
magnetic field obtained through V1 and V2 have made great contributions to our understanding
of the heliosphere. This makes the Voyager twins two of the most famous spacecraft and of
the most successful space missions of all times. V1 is currently (end of 2022) 158.5 AU away
from the Sun, which makes it the most distant human-built object ever. Both spacecraft are
expected to continue operations for another few years, making their way through interstellar
space.

Ulysses. The joint ESA/NASA spacecraft Ulysses was launched in 1990 to investigate the
solar corona and magnetic field, Solar Wind, plasma waves and cosmic rays. It was sent to
Jupiter for a close fly-by that brought the spacecraft on a high-inclination orbit around the
Sun, which allowed observations above the Sun's polar regions. Ulysses remained in operation
for almost two decades.

Several planetary missions have had a dedicated ENA instrument onboard the spacecraft,
for example on the IMAGE mission to study Earth's magnetosphere, the CENA/SARA instru-
ment by ESA on the Indian lunar mission Chandrayaan-1, the ASPERA instrument on ESA’s
Mars Express and Venus Express, and the LENA instrument onboard BepiColombo, which is
currently on its way to Mercury. The JUICE mission by ESA, to be launched in April 2023 to
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explore the Jovian system, also has an ENA imaging instrument, JNA, contained in its Particle
Environment Package suite.

Figure 1.2.: Celestial map of the global heliospheric ENA intensity distribution as ob-
served by IBEX. The heliosphere’'s IBEX ‘ribbon’ is clearly visible (green).
[Image credit: NASA.]

IBEX. The Interstellar Boundary Explorer (IBEX) mission by NASA was dedicated to the
remote observation of heliospheric ENAs and interstellar neutrals. Launched in 2008, IBEX
entered a highly eccentric orbit around Earth, which brings it out of the terrestrial magneto-
sphere for unperturbed ENA observations. IBEX has two ENA cameras on board, IBEX-Lo
and IBEX-Hi, which cover complementary energy ranges. Originally planned to last for two
years, IBEX has performed observations over one full solar cycle, and is expected to operate
for another few years.

Already until today, IBEX has been a great success, leading to more than 100 research
articles. In particular, global maps of the heliospheric ENA distributions at several energy
bands were produced with the two IBEX ENA instruments. This has led to the discovery of
the IBEX ‘ribbon’, a narrow band of high ENA intensities across the heliospheric nose region
(see Fig. 1.2). This unanticipated feature of our heliosphere is clearly visible at a wide range
of ENA energies.

Furthermore, the long mission extension has allowed to study the temporal evolution of the
heliosphere over the solar cycle.

IMAP. Due to the huge success of IBEX, a successor NASA mission, the Interstellar Mapping
and Acceleration Probe (IMAP), is currently under development, with launch scheduled for
early 2025. The IMAP spacecraft will be placed at the L1 libration point between the sun and
Earth, from where it will observe the global structure of the heliosphere and its interaction
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