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Abstract

In this thesis, interstellar pickup ions at 1 astronomical unit are analysed with the PLAsma
and SupraThermal Ton Composition instrument (PLASTIC) on board the Solar Terres-
trial Relations Observatory (STEREQ). Interstellar pickup ions originate from the neutral
component of the Local InterStellar Medium (LISM), which enters the heliosphere with
a velocity of ~ 25 km/s as a result of its relative motion with respect to our Sun. This
neutral wind is gradually ionized by charge exchange with the solar wind, by solar ultra-
violet radiation, or more rarely, by electron impact and thus acts as the seed population
for interstellar pickup ions. The freshly created ions are 'picked up’ by the interplanetary
magnetic field that is frozen into the solar wind and rapidly acquire speeds equaling the
solar wind speed in a solar wind frame of reference. More importantly, these pickup ions
carry information on the LISM and provide an excellent opportunity to study the LISM
in-situ.

In this work three aspects of interstellar pickup ions are explored. The first aspect
covers the longitudinal distribution of interstellar pickup ions at 1 astronomical unit for
which we have developed an analysis that counteracts the prevalents modulation of pickup
ions fluxes by the solar wind. This allowed us to derive unbiased time series of pickup ions
at 1 astronomical unit and to reveal for the first time the formation of the neon focusing
cone, a region of enhanced Ne™ density on the downwind side of the Sun.

In our second study, we have investigated the source of interstellar pickup ions - the
local interstellar medium. We have used results from our first study, i.e. our findings of
the neon focusing cone, and combined them with a statistical approach to derive the inflow
direction of interstellar matter Ap sy as seen from an observer inside the heliosphere. Our
value for Arigy = 78.4° +1.3°, which was deduced from He™, OT, and Net measurements
with PLASTIC, is barely consistent with the previous value of Apigm = 74.99° 4+ 0.55°
that was obtained from neutral as well as pickup helium measurements with various
instruments in 2004. We further demonstrate the importance of the prevalent modulation
of pickup ion fluxes with the solar wind speed and density for any parameter study of the
LISM and argue that the observed deviation between the two values of Arign is likely due
to the capability of our analysis to properly consider the aforementioned modulation. As
a by-product of our study, we also observed the interstellar crescent, a region of enhanced
pickup ion density on the upwind side of the Sun, for the first time.

Finally, our last study addresses the kinetic properties of interstellar pickup ions directly
after their ionization. We found that velocity distribution functions of interstellar pickup
ions show distinct anisotropies that follow the orientation of the Interplanetary Magnetic
Field (IMF). It is commonly believed that interstellar pickup ion velocity distribution
functions are very rapidly isotropized and thus assumed to be isotropic: This means that
they should be unaffected by the prevalent magnetic field orientation. However, we find
clear anisotropies, which question many of the existing pickup ion models. These models
misleadingly attribute independent observations from several instruments of a reduced
flux and change in spectral slope of interstellar pickup ion spectra during quasi-radial
IMF orientations to ineffective scattering across 90° pitch-angle. Here we show, that these
observations are instead likely to be caused by the anisotropic pickup ion component that
escapes detection during frequent configurations of the IMF.



Zusammenfassung

In dieser Arbeit werden Pickup-Ionen bei einer astronomischen Einheit mit dem Plasma
and Suprathermal Ion Composition Instrument (PLASTIC) an Bord des Solar Terrestri-
al Relations Observatory (STEREO) untersucht. Interstellare Pickup-Ionen entstammen
der neutralen Komponente des interstellaren Mediums, welches auf Grund seiner Rela-
tivbewegung zu unserer Sonne die Heliosphére mit einer Geschwindigkeit von 25 km/s
durchfliesst. Dieser neutrale Wind wird dabei sukzessive durch Ladungsaustausch mit
dem Sonnenwind, ultra-violetter Strahlung der Sonne oder aber Elektronenstossionisati-
on ionisiert und stellt somit die Ursprungspopulation der interstellaren Pickup-Ionen dar.
Die dabei entstandenen Ionen werden vom dem im Sonnenwind eingefrorenen Magnetfeld
mitgetragen und erreichen dabei Geschwindigkeiten von bis zu einer Sonnenwindgeschwin-
digkeit im Bezugssytem des Sonnenwindes. Entscheidend fiir diese Arbeit ist zudem, dass
trotz des lonisationsprozesses der Pickup-lonen einige der Charakteristiken des LISMs
erhalten bleiben und somit eine hervorragende Moglichkeit bieten das LISM eingehender
zu studieren.

Im Verlauf dieser Arbeit werden drei Aspekte interstellarer Pickup-Ionen untersucht.
Der erste Aspekt behandelt ihre longitudinale Verteilung bei einer astronomischen Einheit
entfernt von der Sonne. Hierfiir wurde eine Analyse entwickelt, welche der vorherrschen-
den Modulation der Pickup-lonen-Fliisse durch den Sonnenwind entgegenwirkt und es
somit erlaubt unverfilschte Zeitreihen von interstellaren Pickup-lonen bei einer astro-
nomischen Einheit zu untersuchen. Im Zuge dieser Untersuchung wurde anhand eines
Dichte-Anstieges von Ne™ auf der dem interstellaren Wind abgewandten Seite der Son-
ne erstmals die Fokussierung von interstellaren Neon-Ionen beobachtet - der sogenannte
Neon focusing cone.

Unsere zweite Studie befasst sich mit der Quelle der interstellaren Pickup-lIonen: dem
interstellaren Medium. Hierfiir wurde unter Hinzunahme der Resultate unserer ersten
Studie und eines speziell entwickelten statistischen Ansatzes die Einflussrichtung des in-
terstellaren Medium Apsy aus Sicht eines Beobachters innerhalb der Heliosphire be-
stimmt. Unser Wert fiir A jsm = 78.4° & 1.3°, welcher durch Messungen von He™, OT
und Net mit PLASTIC bestimmt wurde, steht dabei in Kontrast zu Resultaten ande-
rer Studien aus dem Jahr 2004 unter Verwendung verschiedener Instrumente, die den
Wert im Mittel mit Apigm = 74.99° £ 0.55° angeben. Wir zeigen, dass die Diskrepanz
beider Ergebnisse in der vorherrschenden Modulation der Pickup-Ionen-Fliisse durch die
Sonnenwind-Geschwindigkeit und -Dichte begriindet ist und mit unserer Analyse entspre-
chend beriicksichtigt werden kann. Unsere Studie ermdoglichte dariiber hinaus erstmals
die Beobachtung des interstellaren ”Crescent”, welcher in Analogie zum focusing cone
einer Dichteanreicherung von interstellaren Pickup-lonen auf der dem interstellaren Wind
zugewandten Seite der Sonne entspricht.

Im Verlauf unserer dritten Studie untersuchen wir die kinetischen Eigenschaften inter-
stellarer Pickup-Ionen direkt nach ihrer Ionisation. Dabei haben unsere Beobachtungen ge-
zeigt, dass die Geschwindigkeitsverteilung interstellarer Pickup-lonen entgegen den allge-
meinen Erwartungen ausgeprigte Anisotropien aufweist, die der Ausrichtung des Interpla-
netaren MagnetFeldes (IMF) folgen. Unsere Beobachtung stellen damit viele der géingigen
Pickup-Ionen-Modelle in Frage. Diese Modelle schreiben eine Reihe von Phénomenen, wie
z.B. der Beobachtung eines reduzierter Fluss und Anderung der spektralen Form wihrend
radialer IMF-Konfigurationen, der ineffiziente Streuung interstellarer Pickup-Ionen iiber



einen Pitch-Winkel von 90° zu. Im Zuge unserer Studie zeigen wir, dass die eben genannten
Beobachtungen vielmehr in der anisotropen Komponente der Geschwindigkeitsverteilung
interstellarer Pickup-Ionen begriindet sind, welche bei radialer Ausrichtung des IMF mit
den meisten Instrumenten nicht gemessen werden kann.
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1. Introduction

The Solar System is surrounded by a thin, warm, and partially ionized gas called the
Local InterStellar Medium (LISM), which is believed to originate from the star forming
region ”Scorpius Centaurus” that lies at a distance of ~ 400 light years from our Sun. The
interstellar wind moves with a velocity of ~25 km/s with respect to the Solar System and
by that interacts with the solar wind to form the outer boundary of the heliosphere, the
so-called heliopause. Comparing parameters of the very local interstellar matter such as
its isotope ratios and composition to solar values, which likely reflect the ISM properties
4.6 Billion years ago, helps us to understand how our universe has evolved and addresses
the important question how our Solar System was formed.

With almost all of the gaseous material inside our heliosphere coming from the neutral
component of the LISM, it not only defines the boundaries of the heliosphere, but also acts
as the main driver for several important extraterrestrial phenomena, such as anomalous
cosmic rays, pickup ions, and energetic neutral atoms. Studying the LISM is therefore
not only a matter of ”looking into the past”, but is also important to understand the
dynamic behaviour of the heliosphere. Aside from a direct measurement of interstellar
neutral atoms (that tend to easily escape detection), interstellar pickup ions provide the
most direct approach to measure in-situ parameters of the LISM. However, the prevalent
modulation of interstellar pickup ions by the solar wind, the regularly changing conditions
inside the heliosphere with the solar cycle, and the ionization process that is accompanied
by a change of the kinetic behaviour of the former interstellar neutrals, requires a broad
understanding of pickup ions in general in order to approach the complex task of studying
the LISM with in-situ measurements in the inner heliosphere.

Therefore three important aspects of interstellar pickup ions are explored in this work.
One aspect highlights the ionization process of interstellar neutrals and thus describes
the kinetic properties of interstellar pickup ions on their way through the heliosphere.
This study is especially important to properly model interstellar pickup ions inside the
heliosphere and thus is crucial for any model based parameter study of the interstellar
medium. Another aspect covers the global distribution of pickup ions inside the helio-
sphere at 1 Astronomical Unit (AU). Here we present the first observations of the neon
focusing cone and interstellar crescent, two characteristic signatures that can be used to
infer the temperature of interstellar neutral helium, oxygen, and neon. The last aspect
examines the source of interstellar pickup ions itself, the LISM. Using a sophisticated
statistical approach, we directly infer the inflow direction of the interstellar medium with
respect to our Solar System and discuss the prevalent modulation of pickup ions by the
solar wind.

The following subchapters on the interstellar medium (1.1), interstellar pickup ions
(1.2), and inner-source pickup ions (1.3) provide the necessary theoretical background for
this work. The thesis’ structure is described at the end of this chapter.



1.1. THE INTERSTELLAR MEDIUM

1.1. The Interstellar Medium

The Local InterStellar Medium (LISM) that surrounds the Solar System is a warm (7' =
7000 K), thin (n = 0.3 cm~3) and partially ionized gas cloud often referred to as the Local
Interstellar Cloud (LIC) [Frisch et al., 2011]. It lies at the edge of the so-called Local
Bubble (LoB), which is a vast cavity in space with a diameter of almost 300 light years.
Compared to the LIC it is extremely hot (Tog = 10 K) and thin (np.g = 1073 cm™3),
which is ~ 107 times less dens than the best vacuum achieved on earth [Frisch, 2000]. Its
origin is still an open question but is likely related to either a supernova explosion or a
star forming region that has pushed aside the material inside the LoB. The LIC, which
is only one of many interstellar clouds in our galactic neighbourhood, is believed to be
produced by the outflow of the star forming region called Scorpius-Centaurus association
that lies 400 light years away from the Sun. The material that emerges from this region
shows a very similar composition to the solar wind. It consists of 90% hydrogen, 9.9%
helium, and 0.1% heavier elements of which oxygen is the most abundant one. However,
the interstellar medium shows a very different charge state distribution compared to the
solar wind. While hydrogen, helium, nitrogen, and oxygen occur mainly as neutral atoms
(78%, 61%, 72%, and 81% respectively), only a small fraction of carbon, neon, magnesium,
silicon, and iron are in their neutral state inside the LISM (3-1072%, 20%, 0.2%, 4-1073%,
and 7-1073% respectively) [Frisch et al., 2011]. An illustration of our galactic environment
can be found in Fig. 1.1.

The combined motion of the LISM and the Sun with respect to its neighbouring stars
leads to what we call the interstellar wind, a persistent flow of interstellar material with
a velocity of ~25 km/s with respect to our Solar System [Fahr, 1968]. Despite being
thin and relatively cool, the motion of the LISM combined with the supersonic solar wind
flow defines the boundaries of the heliosphere. As the solar wind streams radially away
from the Sun it must work against the surrounding interstellar plasma and is gradually
decelerated to a point, where it reaches subsonic velocity. At this location a shock front
forms, which is called the Termination Shock. In analogy, a shock front forms also where
the LISM is decelerated to subsonic speed, which results in the formation of the so-called
Bow Shock. The location at which the solar wind as well as the interstellar plasma comes
to a complete stop, i.e. the location at which the solar wind ram pressure is equal to the
interstellar plasma ram pressure, is called the Heliopause. The Heliopause lies at around
130 to 150 AU away from the Sun and defines the outermost edge of the heliosphere, e.g.
[Prélss, 2004].

1.2. Interstellar Pickup lons

While the ionized component of the LISM is deflected by the heliospheric magnetic field
at the Heliopause, interstellar neutral atoms can pervade the heliosphere unimpeded as
they are not affected by the interplanetary magnetic field . They can travel deep into the
heliosphere before they are finally ionized by charge exchange with solar wind protons,
or more likely, photo ionization by solar ultraviolet radiation. Close to the Sun however,
their abundance ratio not necessarily reflects the prevalent composition of the LISM. The
different interstellar species have different First Ionization Potentials (FIP) (e.g. H: 13.6
eV, He: 24.6 eV, N: 14.5 eV, O: 13.6 eV) and are depleted on varying scales. Furthermore,
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Figure 1.1.: Illustration of the galactic environment within 1500 light-years around the Sun.
Our Solar System lies at the edge of the so-called local bubble, a cavity in
space with a density of ~ 1072 cm?® and a temperature of ~ 106 K. It is
surrounded by the local interstellar cloud, which is believed to be part of the
outflowing material from the Scorpius-Centaurus association, a star forming
region that is roughly 400 light years away. The combined motion of the out-
flowing material from the Scorpius-Centaurus association and the motion of our
Solar System with respect the nearby stars results in, what we call, the inter-
stellar wind. The interstellar wind is a partially ionized gas that persistently
streams towards the Solar System with a velocity of ~ 25 km/s. Figure taken from
http://www.americanscientist.org/issues/pub/the-galactic-environment-of
-the-un

interstellar neutral H, O, and N are depleted in the so-called filtration region beyond the
heliopause where they suffer loss from charge exchange with slowly moving interstellar
and solar H [Kallenbach et al., 2000]. As a result helium is the dominant interstellar
species at 1 AU, although hydrogen is ~10 times more abundant than helium in the LISM
[Frisch et al., 2011].

An in-situ measurement of the interstellar neutral component at 1 AU proves to be
difficult as the slowly moving neutral particles tend to easily escape detection. A break-
through in this department has recently been made with the Interstellar Boundary EX-
plorer (IBEX) launched in 2010 [McComas et al., 2009], which is an Earth-bound space-
craft specifically designed to sample the ENA as well as the interstellar neutral population
inside the heliosphere. The interested reader may refer to e.g. Mdbius et al. [2012] and
Bochsler et al. [2012] for an overview on interstellar neutral studies with IBEX. Here we
will focus on interstellar particles that have already been ionized by charge exchange with
solar wind protons or solar ultraviolet radiation, so-called interstellar pickup ions.

As seen from an observer inside the Solar System, interstellar neutrals move along a
defined axis, the so-called inflow axis of the LISM, through the heliosphere with an initial
velocity of vigm ~ 25 km/s. During their flight they can be ionized by charge exchange
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Figure 1.2.
Illustration of pickup ions ring-beam dis-
tributions in phase space (the x-axis
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and photo ionization - the probability for both processes scale with r§2, whereas rg is
the distance from the Sun. Once an interstellar neutral atom is ionized, it is susceptible
to the electro-magnetic forces of the solar wind. The former neutral starts to gyrate
perpendicular to the embedded magnetic field line and quickly reaches a guiding center
velocity of vy from whereon it is bound to the fast moving solar wind package that
streams radially away from the Sun. The initial velocity of the pickup ion directly after
the pickup process is determined by the relative velocity of the former interstellar neutral
atom with respect to the solar wind and the orientation of the prevalent magnetic field
[Mébius et al., 1998]. During a radial IMF configuration the gyro motion velocity is zero
and the velocity of the pickup ion is also zero. During a perpendicular IMF orientation
the pickup ions starts to gyrate with a velocity of vy, around the magnetic field line. If
one neglects the velocity of the interstellar neutral vigyt during the pickup process, the
guiding center velocity of the pickup ion during the initial part of the pickup process can
be described as

vp = cos(By) cos(By)Usw- (1.1)

Here By and By are the in-ecliptic and out-of-ecliptic magnetic field angles with respect
to Usw. An illustration of the pickup ion injection can be found in Fig. 1.2. The velocity
vp of the pickup ion in a resting frame of reference can be as high as twice the solar wind
speed due to the perpendicular motion with respect to B. The strictly perpendicular
gyro motion with respect to B implies that pickup ion velocity distributions are, so-
called, ring-beam distributions (thick dashed lines in Fig. 1.2), which causes the incident
angle of pickup ions to be a function of By and By [Saul and Isenberg, 2007]. However,
it is commonly believed that the originally anisotropic pickup ion velocity distribution
function is transformed into an isotropic velocity distribution by wave-particle interaction
with magnetic fluctuations inside the solar wind. The pitch-angle diffusion is believed to
happen on timescales of ~ 10 to ~ 100 hours [Saul, 2004b].
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Theoretical work by Vasyliunas and Siscoe [1976], who originally proposed the idea of
isotropic pickup ion velocity distributions, led to the, so-called, ” cold” model of interstellar
pickup ions, which is an analytic expression for the expected pickup ion flux anywhere
inside the heliosphere. The model is called ”cold” because it assumes that the velocity of
the LISM is not broadened by the temperature of the LISM, which for many appiclation
can be a justified simplification (as discussed in chapter 4.2). The work by Vasyliunas
and Siscoe [1976] is based on an expression for the density n(r, ¢) of interstellar neutrals
inside the heliosphere that was originally described by Fahr [1969], Finding the density of
interstellar neutrals n(r, ¢) is due to the symmetry of the inflowing interstellar material
with respect to the LISM axis a two dimensional problem and can be expressed with two
impact parameter by and by [Vasyliunas and Siscoe, 1976).

n(r, 6) = ”°°sm1(¢) [‘Z} exp <2f)) 4 % exp <A(27;2_¢)>} . (1.2)

Here no. is the interstellar neutral density of a given species in the LISM. A = 73 /v is
a factor that accounts for the gradual ionization of interstellar neutrals during their flight
through the heliosphere, whereas 7 is the ionization time at a characteristic distance from
the Sun, rg, and v is the speed of interstellar neutrals at infinity. Furthermore, b; and
bs define the two possible trajectories of an interstellar neutral atom through a point P
at a distance r from the Sun and ecliptic longitude ¢. The two impact parameters are
defined as

2 3
bro— [(;Tsm(@) +(1—p) Gyé”m —cos(8))| + %rsin(gﬁ), (1.3)

[e.e]

where G is the gravitational constant and M is the mass of the Sun. p is a factor that
accounts for the reduction of the gravitational force due to photon pressure (which is only
relevant for interstellar hydrogen, where p =~ 1). Because pickup ions stream radially
away from the Sun, integrating the number of ionized interstellar neutrals from the Sun
to a point r yields the flux of interstellar pickup ions as a function of the distance from
the Sun r and ecliptic longitude ¢ [Vasyliunas and Siscoe, 1976]

F(r,¢) = noovooﬂs?j(qﬁ) [(;5\1/ (f\;) +2r—9) ¥ ()\(2:2_¢)>] , (1.4)
where () is given by
W(z) = e 17 — /1 jo tetdt. (1.5)

As an example we show the flux of interstellar oxygen derived from Eq. 1.4 in Fig. 1.3
in arbitrary units. Necessary parameters for Eq. 1.4, such as the ionization rate at 1
AU, were taken from Cummings and Stone [2002]. The Sun’s gravitational attraction
causes interstellar neutrals to move along unbound Kepler orbits, which intersect on the
downwind side of the Sun at an ecliptic longitude of Ayt + 7, the inflow direction of
the interstellar medium. In this region the density of interstellar neutrals is increased,
which in turn results in a region of enhanced pickup ion density. This region is called
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the pickup
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An illustration of the pickup ion flux (color coded contour) born from interstellar
neutrals in the vicinity of the Sun. In this view the interstellar neutrals enter the
heliosphere from the right. Due to the influence of the Sun’s gravitation the trajecto-
ries of the inflowing interstellar material are bent in a way that a region of enhanced
interstellar neutral density forms on the downwind side of the Sun. This region, which
also acts as a source for an increased pickup ion production, spans ~20° and is called
the focusing cone. It is most prominent for species that have a low probability for
ionization by solar ultraviolet radiation or charge exchange with solar wind protons
such as helium or neon. A second characteristic feature for interstellar neutrals is the
formation of the so-called interstellar crescent - a region of enhanced density of inter-
stellar material on the upwind side of the Sun that spans almost 180°. Its formation
is a result of the enduring depletion of interstellar neutrals during their flight through
heliosphere combined with a simple geometric effect. Neutrals at an ecliptic longitude
A # Mgy have been longer exposed to solar radiation and the solar wind if they
are observed at a fixed distance from the Sun. As a result the observed neutral and
pickup ion intensity shows a clear longitudinal dependency that resembles the form of
a crescent if viewed in polar coordinates (thick red line). Both the focusing cone and
interstellar crescent are believed to be aligned along the inflow axis of the interstellar
medium.

ion focusing cone. The angular width of the focusing cone (with respect to

the Sun) is determined by the temperature of the LISM, the location of the focusing
cone is determined by the inflow direction of interstellar matter, and the intensity of the
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focusing cone is determined by the density and ionization rate of the interstellar neutral
gas. On the upwind side of the Sun, the competing processes of ionization and pickup ion
flux reduction that scales with r§2 due to the expanding solar wind and the line of sight
integration of the ionized interstellar neutrals from the Sun to a point, P(rg, \), results
in a second characteristic feature of interstellar pickup ions, the so called interstellar
crescent [Drews et al., 2012]. The crescent spans a much wider angular range compared
to the focusing cone, but can be similarly used to derive parameters of the LISM. We
note, that the focusing cone can not be properly modeled by an interstellar ”cold” model,
which would instead produce a discontinuity with F© — oo on the downwind side of the
Sun. To illustrate the effect of gravitational focusing we used a normal distribution to
create a focusing cone signature with a width as observed in chapter 4.2. However, due to
oxygen’s high ionization probability compared to helium, it is not expected to show such
a strong focusing effect as illustrated in Fig. 1.3 [Drews et al., 2012].

The pickup ion velocity distribution is highly non-thermal and considerably different
from the velocity distribution function of solar wind ions. Although pickup ions can almost
exclusively be distinguished from solar wind ions by their single charge state (apart from
hydrogen, which is exclusively singly charged), their characteristic velocity distribution is
a second important classification criteria. However, it is not as simple as to assume that vp
only depends on the IMF configuration (B, By) and the prevalent solar wind speed vgy as
described by Eq. 1.1. As mentioned before, the pickup ion velocity distribution function
is believed to quickly isotropize on time scales of 10 to 100 hours [Saul, 2004a], i.e. the
initial pitch-angle of the pickup ion quickly turns into a random value between 0 < o < 7.
Consequently the initial pickup ion velocity vp can also quickly reach a maximum speed
of 2-vgy independent from the IMF orientation. In this picture, the pickup ions would also
strictly move with a speed of vp = 2-vgy (if one neglects influences of the thermal speed of
the solar wind and interstellar neutrals). However, measurements of the He™ distribution
function as observed by, e.g., Gloeckler et al. [2004] (Fig. 1.4) show that this is definitely
not the case. Instead the velocity distribution function is a highly non-thermal one with
pickup ion velocities ranging between 0 and 2 - vy, and beyond.

The reason for the broad range of observed pickup ions velocities lies in the fact that
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Figure 1.5.

A two dimensional cut of the Het phase
space density in the (vg,vy) plane at v,
= 0 km/s derived from Vasyliunas and
Siscoe [1976]. Due to strong pitch angle
scattering the He™t velocity distribution
function was originally believed to be fully
isotropic and independent of the prevalent
IMF orientation (as is shown here). Be-
cause Vasyliunas and Siscoe [1976] did not
consider particle acceleration processes or
thermal speeds, the He™ velocity distri-
bution has a sharp cut-off at w = 2. The
grey dots represent the location of phase : i ; ; ; ;
space covered by the Solar Wind Section 150 300 3§?km/st]aoo 750 900
of STEREO / PLASTIC. ’

v, [km/s]

ft Direction

pickup ions are bound to the expanding solar wind and undergo adiabatic cooling. As a
result, their velocity in the solar wind frame decreases with increasing distance from the
location of their ionization. Using the adiabatic law for a monoatomic gas

KT = V™3 (1.6)

one can eagsily infer for pickup ions that

oY

(Ep)

Here Ep is the kinetic energy of the pickup ion and r the radial distance from the Sun.
This means the velocity of a pickup ion measured at a distance rops is determined by where
it was ionized. A pickup ion with an energy of Ep = 0.5 - Eg, at a distance of rys for

r = const. (1.7)

3
instance has been created at a distance of rgy, = (1/2)4 rops from the Sun. Consequently,
the flux of pickup ions with energies between Ep and FEgy through a shell with radius r
3
must be the same as the line of sight integral of the ionization rate between (Ep/Fgy ) r
and r

FEsw o 9 r
Vew / dE'n(E') = (7) 3 . NG, 9. (1.8)
E r (Ep/Esy)ir

Here n(FE) is the number density of pickup ions, § is the ionization rate of interstellar
neutrals (that scales with r=2), and N(r) is the neutral density given in Eq. 1.2. By trans-
forming Eq. 1.8 into velocity space one obtains the expression for the velocity distribution
function of interstellar pickup ions originally described by Vasyliunas and Siscoe [1976]

f(vﬁ“%(“)gzv((”)gw) (1.9)
8 rvd,” \Usw Vsw Y ' '

In Fig. 1.5 a two dimensional cut through the v, = 0 km/s plane of the velocity
distribution function derived from Eq. 1.9 is shown for interstellar He™ at 1 AU in the

10

180

160

1140

1120

4100

180

60

40

20

Phase Space Density [s*km



CHAPTER 1. INTRODUCTION

upwind region of the Sun. In a frame of reference co-moving with the solar wind, it shows
a sharp decrease, a so-called cut-off, at vp = vy, with a relatively smooth decay towards
vp = 0 due to adiabatic cooling. The form of f(v) and especially the transition between
vp = 0 and vp = vgy is also determined by the distance r.,s where the observation is
made. Closer to the sun (rops < 5 AU), the ratio of locally produced interstellar pickup
with a velocity of vp = vg to pickup ions that have already been cooled to vp < vgy
is generally higher than further away from the Sun. For observation made at rops = 5
AU the ionization rate has already decreased significantly due to the reduced solar wind
and photon flux, which means that the observed pickup ions flux primarily stems from
already cooled particles that have been ionized further inside the heliosphere. As a result,
the observed pickup ion w-spectra show a smoother decay towards vp = 0 (in a frame of
reference co-moving with the solar wind). As will be discussed in chapter 4.2, the relation
between the shape of f(v) and rqps is further altered by the FIP of the respective pickup
ion species.

In Fig. 1.6 one dimensional pickup ion w-spectra (w = vp/vgy with vp being measured
in a resting frame of reference) for C*, O", Net, and Fe™ are presented. These spectra
were collected with the Solar Wind Section of STEREO/PLASTIC over a period of 4
consecutive years (refer to chapter 2.2 for details on STEREO/PLASTIC). To maintain
comparability between different pickup ion species, different species have been collected
during different solar wind conditions, as described in the caption of Fig. 1.6. Although
this may affect the overall collected flux of pickup ions, i.e. the intensities of the presented
spectra do not reflect the real abundance ratios of interstellar pickup ions, it assures that
the form of the w-spectra for each species is comparable. One exception is the spectrum of
Fe™, which is so rare that it was not possible to reconstruct the Fe™ phase space density up
to w = 2.5. Therefore, we will omit any discussion of the Fe™ spectrum in the following.

In Fig. 1.6 two important observations can be made:

e The CT, O", and Ne™ velocity distribution functions show a clear increase with
decreasing w. This observation can not be explained by the interstellar pickup ion
model proposed by Vasyliunas and Siscoe [1976].

e CT shows a significantly different velocity spectrum than Ot and Ne™, although
the FIP of carbon (C: 11.3 €V) is only slightly lower than that of oxygen (O: 13.6
eV).

Both observations can be explained by introducing a second population of pickup ions,
so-called inner-source pickup ions, which are believed to originate from a source close to
the Sun. Inner-source pickup ions will be briefly explained in the following section of this
chapter.

1.3. Inner-Source Pickup lons

Inner-source pickup ions were originally discovered by Geiss et al. [1995] who measured
C™T pickup ions at varying distances from the Sun with the SWICS instrument aboard
Ulysses. Inside the LISM less than 0.1% of all carbon atoms exist in their neutral state
[Frisch et al., 2011], so it was not expected to find a clear pickup C* signature that was on
the same order of magnitude as pickup O (of which ~ 81% is in its neutral state inside
the LISM). Geiss et al. [1995] therefore concluded that a second population of pickup

11
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Figure 1.6.: Phase space density of CT (290 km/s < vg, <450 km/s), O (250 km/s < vgy <390
km/s), Net (220 km/s < vgy <350 km/s), and Fe' (393 km/s < vsy <473 km/s)
measured with the Solar Wind Section of PLASTIC between 2007 and 2011. Because
FeT is extremely rare compared to C*, PLASTIC did not observe any Fet events for
w > 1.1 and 393 km/s < vgy <473 km/s.

ions must exist. They found that the observed C* signature most likely stems from a
source close to the Sun (Fig. 1.7), hence the name inner-source pickup ions. They also
found traces of inner-source O* and Nt and thus were able to explain the aforementioned
overabundance of the pickup ion w—spectra at small w's.

Following studies by Gloeckler et al. [2000], Schwadron et al. [2000], and Geiss et al.
[1996] have further shown that inner-source pickup ions have a composition similar to the
solar wind, they show strong adiabatic cooling and they have a source ~30 solar radii
away from the Sun that is randomly distributed. The nature of the source, however, is
still under debate. Four possible scenarios for the creation of inner-source pickup ions are
summarized in Allegrini et al. [2005]. These scenarios involve

e Implantation of solar wind ions into small dust grains close to the Sun. Sputtering
of the grain material then releases the implanted neutral solar wind atoms, which
then undergo photo-ionisation by solar ultra violet radiation to form an inner-source
of pickup ions [Gloeckler et al., 2000], [Schwadron et al., 2000].

e Solar wind neutralization or charge exchange at small dust grains close to the Sun,
which act as thin carbon foils. Once the neutralized solar wind is ionized again, it
can be measured as a pickup ion [ Wimmer-Schweingruber and Bochsler, 2003].

12
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Figure 1.7.
Ratio of the partial densities in two re-
gions of the velocity distribution function
(SHELL: w > 1.3, CORE: w < 1.2). The
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e Neutral material released by sungrazing comets due to vaporization of cometary
material [Bzowski and Krolikowska, 2004]. This scenario, however, requires that
inner-source pickup ions are produced locally.

e A reservoir of neutral grain material filled by dust-dust collisions close to the Sun
[Mann and Czechowski, 2005] that produces an isotropic inner-source pickup ion
signature.

The first two scenarios proposed by [Gloeckler et al., 2000] and [ Wimmer-Schweingruber
and Bochsler, 2003] are currently the most promising ones, as they are compatible with
almost all inner-source pickup ion observations that were made between 1 AU and 5 AU.
However, the poor knowledge of the dust distribution and missing in-situ measurements
of inner-source pickup ions close to the Sun prevents a definite answer to the question
how these particles are formed and from which reservoir they come. Throughout this
work inner-source pickup ions are only of secondary interest, so that the interested reader
should instead refer to Kallenbach et al. [2000] or Allegrini et al. [2005] for an overview
of inner-source pickup ion studies.

1.4. Structure of this Work

In this chapter the theoretical background on the interstellar medium and interstellar- as
well as inner-source pickup ions has been given (see sections 1.1, 1.2, and 1.3 respectively).
In chapter 2 an overview of the STEREO mission and the PLASTIC sensor is presented.
The two STEREQO spacecraft carry the PLASTIC instruments, so-called time-of-flight
mass spectrometer (see section 2.2), which we use for all pickup ion related studies in
this thesis. The necessary steps to acquire and process pickup ion data are explained in
section 2.3.

The research presented in this thesis covers three aspects of interstellar pickup ions as
illustrated in Fig. 1.8.

e Chapter 3: The Distribution of Pickup Ions Inside the Heliosphere at 1 AU

13
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Chapter 3:
Pickup lons at 1 AU

Crescent

Focusing Cone
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Trajectories of
pickup ons

Chapter 5:
Pickup Process

Figure 1.8.: Illustration of the three different aspects of pickup ion related research presented in
this work. The spatial distribution of pickup ions in a distance of 1 astronomical
unit from the Sun (yellow shaded area) is investigated in chapter 3.2. The source of
interstellar pickup ions, the interstellar medium (blue shaded area), will be discussed
in chapter 4.2. Finally, in chapter 5.2 the pickup process, i.e. the kinetic behaviour
of interstellar He™ after its ionization, is explained (green shaded area).

e Chapter 4: The Source of Interstellar Pickup Ions: The Interstellar Medium

e Chapter 5: The Pickup Process and its Implications for the Velocity Distribution
Function of Interstellar Pickup Ions.

Chapter 3 addresses the first important aspect of our pickup ion study - the distribution
of pickup ions inside the heliosphere at 1 AU. Here we will describe our observation of the
Net focusing cone with STEREO/PLASTIC at 1 AU and its implications [Drews et al.,
2010]. This chapter also provides the necessary background on related pickup ion studies
by other groups. In section 3.3.1 the performance of the Poisson Analysis that was used
for the observation of the Ne™ focusing cone is tested and compared to a so-called box
rate method.

In chapter 4 we investigate the source of interstellar pickup ions and derive the inflow
direction of the interstellar medium Apgyv as seen by an observer inside the heliosphere
[Drews et al., 2012]. Here we also compare our results to previously derived values of A\rigm
and discuss the existing deviation. In sections 4.3.1 and 4.3.2 we present a performance
test of the analysis used to infer A\pjgyv and discuss possible systematic biases that would
influence the result of Arism-

In chapter 5 we explain the pickup process and describe the kinetic properties of inter-
stellar He™ immediately after its ionization. We also address the important implication
of our research on existing pickup ion models [Drews et al., 2013]. Section 5.3 contains
an explanation of the Virtual Detector, which is a tool we used to transform a model of
the pickup ion velocity distribution function into an expected count rate spectrum as seen
from PLASTIC.

At the beginning of chapters 3, 4, and 5 also a brief introduction and overview of the
respective chapter is given. Finally, chapter 6 contains a conclusion and outlook of this
work.

14



2. Instrumentation

In this chapter we give a brief description of the instrumentation that is used for the
pickup ion studies specified in sections 3.2, 4.2, and 5.2. Section 2.1 gives an overview
of the Solar Terrestrial Relations Observatories - two twin spacecraft orbiting the Sun.
Each spacecraft carries a science payload of 18 individual sensors. In this work we use
the PLAsma and SupraThermal Ion Composition (PLASTIC) instrument to study pickup
ions. The design and principle of operation of PLASTIC is described in section 2.2. In
section 2.3 we describe the necessary steps to acquire and process the pickup ion data. The
description of the STEREOQO mission and the PLASTIC instrument follows the description
given in Russell [2008], Galvin et al. [2008] and Drews [2009].

2.1. STEREO

The Solar TErrestrial RElations Observatory mission (STEREO) was launched on Octo-
ber 2006. It consists of two near-identical spacecraft orbiting the Sun. Viewed from the
Sun, the two spacecraft separate from Earth by roughly 22° per year, where STEREO
Ahead (A) leads along and STEREO Behind (B) trails behind the orbit of Earth. The
spacecraft are situated at a distance of around one Astronomical Unit (AU) with respect
to the Sun, which varies by ~ 1% for STEREO A and ~ 2% for STEREO B due to the
small eccentricity of the orbits. The orbital periods of STEREO A and B are 347 and 388
days respectively. An illustration of STEREQ’s orbit can be found in Fig. 2.1.
The specific scientific goals of the STEREO Mission are:

e Understand the causes and mechanisms of coronal mass ejection initiation.
e Characterize the propagation of coronal mass ejections through the heliosphere.

e Discover the mechanisms and sites of energetic particles acceleration in the low
corona and the interplanetary medium.

e Improve the determination of the structure of the ambient solar wind [Kaiser et al.,
2008].

However, the persistent stream of in-situ data also allows the forecast of space weather,
which is a secondary objective of the STEREO missions. Although pickup ion investi-
gations are not a specific science goal of the mission, the combination of interplanetary
magnetic field measurements with high cadence by IMPACT, measurements of ionized
particles in the energy range of 1 keV/e to 80 keV /e with unprecedented statistics by
PLASTIC, and the unique twin spacecraft setup at different locations along the orbit of
Earth, makes it ideal for such an investigation. Mission success required a continuous
operation of both spacecraft for a period of two years, which has been accomplished on
January 23, 2009 [Kaiser et al., 2008].

15



2.1.

STEREO

Figure 2.1.: llustration of STEREQ’s orbit in Heliocentric Inertial Coordinates (left) and Geo-
centric Solar Ecliptic Coordinates (right). STEREO A (red) and STEREO B
(blue) are separating from each other by roughly 45° each year. Extracted from

The complete STEREQ'’s science payload consists of four instrument suites with a total
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http://stereo.gsfc.nasa.gov/img/STEREObooklet.pdf.

of 18 individual sensors on each observatory [Russell, 2008]. The four suites are:

The Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) pro-
vides and extreme ultraviolet imager, two white-light coronographs and a helio-
spheric imager to study the evolution of coronal mass ejections from the Sun towards
their eventual impact at the Earth’s orbit in three dimensions.

In-situ Measurements of Particles and CME Transients (IMPACT) consists of 7 sen-
sors and measures the three dimensional distribution of solar wind plasma electrons,
solar energetic particles, and the interplanetary magnetic field.

STEREO/WAVES (SWAVES) measures radio disturbances and plasma waves from
the Sun with three mutually orthogonal monopole antenna elements.

The Plasma and SupraThermal Ion Composition (PLASTIC) studies properties of
solar wind protons, alpha particles, and heavy ions as well as suprathermal particles.

An illustration of the spacecraft and its payload is shown in Fig. 2.2.
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ACT
olar Energetic P

Figure 2.2.: Artistic presentation of the two STEREOQO spacecraft during the phasing orbit stage.
One or two gravity-assist lunar swing-bys were performed to attain the final heliocen-
tric orbits of STEREO A and B respectively (shown in Fig. 2.1). The illustration is
taken from http://airandspace.si.edu, annotations by the authour C. Drews.
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. Electronics Box
Figure 2.3.

Photograph of the PLASTIC Flight TOF/E Chamber
Model, consisting of three main com- Housigg
ponents: The Entrance System (golden,
dome-like component) is divided into
four different sections, Solar Wind Sec-
tor - Main Channel, Solar Wind Sector -
Small Channel, Wide Angle Partition SSD
and Wide Angle Partition NOSSD. The
TOF/E chamber (black cylindrical center
section) contains both time-of-flight and
energy measurement equipment, while the
Electronic Box comprises high voltage
supplies and various electronics. The fig-
ure is taken from Galvin et al. [2008].

Entrance System
Energy Analyzer

2.2. PLASTIC

The PLAsma and SupraThermal Ton Composition instruments (PLASTIC) on the two
STEREO spacecraft are linear time-of-flight mass spectrometers that measure in-situ
properties of solar wind HT, He?T, heavy ions, as well as pickup ions. PLASTIC provides
a nominal energy-per-charge coverage of 0.3 keV /e to 80 keV /e and is capable to determine
the angle of incidence of ions by a combination of different entrance apertures, complex
deflection systems, and discrete or continuous position detectors that are discussed be-
low. The instrument is divided into three main constituents. The Entrance System /
Electrostatic Analyzer (ESEA) is used for the energy-per-charge measurement of ions.
It is further divided into three different entrance apertures, i.e., the Solar Wind Section
(SWS), the Wide Angle Partition SSD (WAPSSD), and the Wide Angle Partition NOSSD
(WAPNOSSD), that together span a field-of-view of almost 360° in the ecliptic plane. In
the Time-of-Flight / Energy chamber the time-of-flight and energy of incident particles is
measured. The Electronic Box contains high voltage supplies as well as electronic boards
necessary for the operation of the instrument [Galvin et al., 2008]. A photograph of the
instrument can be found in Fig. 2.3.

In the following we will describe PLASTIC’s basic principle of work. We will character-
ize the ESEA and the Time-of-Flight / Energy chamber in more detail and describe how
to derive an ion’s mass, mass-per-charge, and velocity from the three measurements of the
energy-per-charge, time-of-flight, and residual energy. The description of the PLASTIC
sensor follows the description given in Galvin et al. [2008].

2.2.1. Entrance System / Energy Analyzer

PLASTIC measures both solar wind and suprathermal ion distributions and therefore
has to span a wide range of different ion fluxes. By segmenting the Entrance System
into four apertures with different geometry factors, PLASTIC is capable of measuring
solar wind H* and He?* (Solar Wind Section (SWS) - Small Channel), solar wind heavy
ions (SWS - Main Channel), and different types of suprathermal ion distributions (Wide
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Wide Angle Partition without SSD's

Figure 2.4. (WWAPNOSSD)
The entrance system of PLASTIC is di- 2 mesmme

vided into three subsystems. The Solar
Wind Sector (red) is centered on the con-
nection line between the instrument and
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Angle Partition (WAP) SSD and NOSSD) within one instrument. An illustration of the
Entrance System as seen from the top is shown in Fig. 2.4. An illustration of the ESEA
and its working principle is shown in Fig. 2.5

ElectroStatic Analyzer (ESA)

After ions have entered the instrument through either the SWS or WAP they are focused
at the focusing point (illustrated in Fig. 2.5) directly above the electrostatic analyzer.
The ESA consists of two electrode pairs of toroidal domes that are cylindrically symmetric
around the instrument azimuth, which allows PLASTIC to simultaneously collect solar
wind ions within a 360° field of view in the ecliptic. Both domes can be swept through 128
different logarithmically spaced voltages and therefore act as an energy-per-charge filter
for incident ions. A complete sweep from a nominal energy-per-charge of E/q = 0.3 keV /e
up to E/q = 80 keV /e takes ~ 56 seconds, which is followed by ~ 4 seconds used for
sampling housekeeping, data transfer, resetting registers, implementing commands, and
setting up the next collection cycle [Galvin et al., 2008]. The relative uncertainty of the
energy-per-charge measurement, which is governed by the spatial separation of the two
domes, is AE/q = 6%. The voltage of the polar deflectors required for the measurement
of the polar incident angle are matched for each of the applied ESA steps and stepped
every 12.8 ms. The nominal energy-per-charge response of the ESA is given by

E/q [keV/e] = 0.2 - 1.04895'27F/a% (2.1)
where E/qy denotes the concurrent £/q step number of the ESA cycle. An illustration of

the ESEA can be found in Fig. 2.5. A detailed discussion of the ESEA and its pre-flight
calibration can be found in Galvin et al. [2008].
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Solar Wind Section (SWS)

The center of the Solar Wind Section (SWS) is aligned along the connection line between
the spacecraft and the Sun and provides a +22.5° field of view in azimuthal and £20° in
polar direction. It is divided into two entrance apertures, the Main- and Small-Channel,
to account for the wide variety of different fluxes of solar wind ions. The solar wind
consists of ~ 96% HT, ~3.9% He?" and less than ~0.1% heavy ions, whereas the most
abundant heavy ion O%* is still ~1500 times less abundant than solar wind protons [von
Steiger et al., 2010]. To combine measurements of the abundant solar wind component as
well as heavy ions, PLASTIC makes use of two different entrance apertures:

e The Main-Channel
provides a large geometry factor (3 - 1073 ecm?eV/eV sr), that allows to measure
a statistically relevant flux of solar wind heavy ions as well as pickup ions. If
exposed to the far more abundant solar wind protons however, the geometry factor
of the Main-Channel would quickly cause saturation and probably damage to the
instrument, and certainly premature aging of the Micro Channel Plates

e The Small-Channel
provides a small geometry factor (6 - 10~7 ecm?eV/eV sr) and is suited to measure
the abundant components of the solar wind, i.e. Ht and He?*. The Small-Channel
is, due to its small collection power, not able to measure solar wind heavy ions with
sufficient statistics.

During operation, PLASTIC alternates between the Small- and Main-Channel triggered
by a monitored count rate (see Fig. 2.5 for details). Spatial resolution in polar direction,
i.e. out of the ecliptic plane, is realized by a combination of polar deflectors, which can be
stepped through 32 different voltages. These so-called deflection steps are swept through
within 435 ms, 12.8 ms per deflection step, and filter incoming particles of constant
mass-per-charge ratio by polar direction. In combination with the electrostatic analyzer,
PLASTIC is able to distinguish between 32 polar angles of incident ions that are linearly
spaced within the range £20°. The polar angle acceptance per deflection step is ~ 1.2°.
Furthermore, the azimuthal angle of incidence ions is reported by a resistive anode position
detector. It covers 32 azimuth angles that are linearly spaced in the range of £22.5° in
the ecliptic plane with an angular acceptance of ~ 1.4° per position bin.

Wide Angle Partition (WAP)

The Wide Angle Partition has a larger geometry factor than either of the two SWS en-
trance slits and is therefore suited to measure the less abundant suprathermal ions. The
WAP is divided into two different sections. WAPSSD covers a field of view of 135° in the
ecliptic adjacent to the SWS. For WAPSSD the residual energy of incident ions is mea-
sured by a solid state detector after passage of the electrostatic analyzer. WAPNOSSD
lacks these measurements and secondary electrons emitted from the carbon foil are in-
stead directly guided onto the MCPs (see Fig. 2.6). WAPNOSSD completes the almost
360° coverage with a field of view of 180° in the ecliptic. The azimuthal incident angle
of incoming ions is reported by a combination of 8 discrete anodes for WAPSSD and
WAPNOSSD each. They provide a varying angular acceptance as can be seen from Fig.
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2.4. The Wide Angle Partition has a polar angle acceptance of +7° but does not provide
information on the out-of-ecliptic incident angle of ions.

2.2.2. Time-of-Flight / Energy Chamber
Time-Of-Flight (TOF)

After passage of the ESA ions are post-accelerated by constant a voltage drop of 20kV
and enter the Time-Of-Flight / Energy chamber through a ~144 A thick carbon foil.
Traversing the carbon foil has two important consequences. First of all, a shower of
secondary electrons is emitted, which is guided by a system of electrodes onto a Micro
Channel Plate (MCP) to trigger the start signal for an ion’s time-of-flight measurement.
Secondly, ions lose a fraction of their energy due to interactions with the carbon foils
nuclei and electrons. This causes a net-deceleration of the ion, which has to be considered
when interpreting the time-of-flight measurement. After the ion has traversed the 8 cm
(SWS, WAPSSD) or alternatively 5.6 cm (WAPNOSSD) long time-of-flight path it hits
one of PLASTIC’s sixteen solid state detectors (SWS, WAPSSD) or alternatively directly
the MCP (WAPNOSSD). Ions hitting the SSD cause a shower of secondary electrons,
which are then steered onto a MCP where they trigger the time-of-flight stop signal and
complete the time-of-flight, 7, measurement. As aforementioned, 7 is lengthened by the
energy loss of ions passing through the carbon foil. Furthermore, angular scattering due to
interaction of ions with the carbon foil’s nuclei or defects of the foil’s atomic structure can
alter the time-of-flight measurement. These effects are implicitly considered in the energy
loss parameter a( E/, m), which is introduced in section 2.2.3 and was derived by an in-flight
calibration in Drews [2009]. A more elaborate discussion on the energy loss parameter
can be found in Allegrini [2007], where the ion optical calibration of the PLASTIC sensor
is described. An illustration of PLASTIC’s Time-Of-Flight / Energy chamber is shown
in Fig. 2.6.

Finally, the conversion from time-of-flight channel, 74, to 7 [ns] is described by the
following equation

T[ns] = 74 - 0.25 4+ 1.3. (2.2)

The equation is based on pre-flight calibration as described in Allegrini [2007].

Residual Energy

To measure the energy of ions, sixteen Solid State Detectors (SSD) pixels are located at the
end of the time-of-flight path in the SWS and WAPSSD. They are custom-made Canberra
Passivated Implanted Planar Silicon (PIPS) detectors with an equivalent entrance window
of 25 nm silicon. Energies are measured within a range of up to ~ 2000 keV and converted
in 1024 linearly spaced SSD channel. However, due to the dead layer, phonon excitation,
or electron-hole-pair recombination inside the detector only a fraction of the ion’s energy
is measured. This, so-called Pulse Height Defect S(E,m), is a function of an ion’s mass
and energy and introduced in section 2.2.3, where it is used to derive a particles mass
Mion. Because the SSDs of ACE/SWICS have very similar characteristics compared to
PLASTIC’s SSDs, values from Kdten [2009] have been adapted and further refined for
PLASTIC’s SSDs in Drews [2009].
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The average conversion from SSD channel, E4, to E [keV /e] for the eight different SSD
pixels is described by the following equation and based on pre-flight calibrations

EkeV/e] =Ey -2.2 —6.4. (2.3)

Tons hitting the SSDs also cause a shower of secondary electrons used as a trigger for the
stop signal of the time-of-flight measurement. The calibration of the solid state detectors,
including information on the energy response function, is described in Blush et al. [2005].

2.2.3. Principle of Work

Fig. 2.7 shows longterm data collected with the SWS of STEREO A/PLASTIC for an
energy-per-charge of 7.9 keV/e. Because the independent measurements of the time-of-
flight, 7, residual energy, E, and energy-per-charge, E'/q, depend on the mass, mass-per-
charge and velocity of incident particles, plotting the energy over the time-of-flight for a
given energy-per-charge step allows us to visually distinguish different particles species
and charge states. The position of a small sample of solar wind as well as pickup ions in
the longterm data is also shown in Fig. 2.7. The expected positions of these ions were
derived in Drews [2009]. Obviously, uncertainties of the 7 and E measurements can cause
overlap of adjacent ion species, which makes species classification a highly non-trivial
subject. A discussion on species classification can be found in chapters 2.3 and 3.2.

The three measurements of the energy-per-charge E/q, time-of-flight 7, and residual
energy F of incoming particles are connected to an ion’s mass mjey,, mass-per-charge 2ion

Qion ’
and velocity v by the following set of equations,

Mion T2

TN 2 (B/q + Veac) a(Eym) () (2.4)
Gion d
E T\ 2
on =2+ (f) 2.5
e T (B m) \d 29
v= /2 B/qLn (2.6)
Mion

Here d is the flight path in the TOF chamber and Vpac the post acceleration voltage.
a(FE,m) denotes the species dependent energy loss of ions in the carbon foil and B(E, m)
denotes the pulse height defect of the solid state detector. Both functions were deter-
mined by in-flight calibrations in Drews [2009]. With an event’s mass, mass-per-charge,
and velocity we have derived an event’s species and energy spectrum, which in combina-
tion with the angles of incidence is all we need for the following pickup ion study. The
interested reader may refer to Koten [2009] for a detailed description of time-of-flight
mass spectrometers and the difficult task of their in-flight calibration. Throughout this
work we will discuss certain aspects of PLASTIC’s in-flight calibration at the time they
are required to follow our pickup ion study.
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Figure 2.5.:
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Mlustration of a 2-D cut through PLASTIC’s Entrance System / Electrostatic Analyzer
(ESEA). Ions enter the instrument either through the Solar Wind Section (right side
of the figure) or through the Wide Angle Partition (left side). The Solar Wind Section
is pointing towards the Sun and has an angular acceptance of 45° in- and £20° out
of the ecliptic. The Wide Angle Partition completes the almost 360° coverage in the
ecliptic and has an out-of-ecliptic acceptance of +7°. Ions that enter the instrument
(blue tracks) are filtered by their energy-per-charge ratio with an electrode pair of
toroidal domes that are used as an electrostatic analyzer (ESA-0, ESA-1). Both
voltages are swept through 128 different, logarithmically spaced values to cover the
energy-per-charge range between 0.3 keV/e to 80keV/e. The Solar Wind Section is
further divided into two entrance apertures, whereas only one aperture is active at
once. Channel switching is based upon a monitored count rate. The less abundant
solar wind heavy ions as well as pickup ions are collected first in the initial part of
the energy-per-charge stepping cycle by enabling the Main-Channel aperture (red).
When the ion flux reaches a critical value on a specific energy-per-charge step, which
usually marks the beginning of solar wind Ht and He?T to enter the instrument, the
IDPU switches from the Main-Channel to the Small-Channel (green) with a much
smaller geometry factor for the rest of the energy-per-charge cycle. The Main- and
Small-Channel also allow to select ions by their out-of-ecliptic angle within the range
of £20° by a pair of polar deflectors, which are ramped through 32 different deflection
voltages (DEFL-0, DEFL-1).
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Figure 2.6.: llustration of PLASTIC’s time-of-flight /energy-chamber. Ions (blue track) enter by
passing a 3.5ug/cm? thin carbon foil where they emit secondary electrons (orange
track). These electrons are guided by a system of electrodes onto a Micro Channel
Plate (MCP). The amplified electron cascade is then steered onto the start-anode,
which triggers the start signal of the time-of-flight measurement. After passage of
the carbon foil, ions travel a distance of 8 cm to a Solid State Detector (SSD) in the
Solar Wind Section or alternatively a distance of 5.8 cm directly to the MCP for the
Wide Angle Partition. Ions hitting the SSD will produce secondary electrons that are
steered by a pair of electrodes onto the MCP for the time-of-flight stop signal. The
complex design of the time-of-flight/energy chamber, i.e. the non-trivial guidance of
secondary electrons by a system of electrodes onto the MCP, was required due to the
overall complexity of the ESEA. Unfortunately, the complex design also increased the
overall uncertainty of the time-of-flight measurement, which would mainly be governed
by angular spread and energy straggling of the ions’ carbon foil passage.
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PLASTIC Pulse Height Analysis (PHA) data measured with the Solar Wind Section
in a time period of 1400 days beginning in February, 2007. All events had an energy-
per-charge of 7.9 keV/e (vgo+ = 633 km/s) which corresponds to ESA step 50. The
upper panel shows a color coded intensity plot of the PHA data sorted by time-of-flight
(x-axis) and energy deposition in the solid state detector (y-axis). Both quantities are
shown in instrumental channel numbers. The bottom panel shows so-called Double
Coincidence Rates (DCR) - events that did not trigger a signal in the solid state
detector. Furthermore, the expected positions of several solar wind as well as He™
pickup ions are shown, which were derived in Drews [2009].
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2.3. Data Aquisition

PLASTIC provides two different types of data products. The matrix rate data is produced
by an on-board algorithm that assigns to each incident event a given mass and mass-
per-charge based on the event’s energy-per-charge, E/q, time-of-flight, 7, and deposited
energy in the solid state detector, E. Events that lie within a certain mass and mass-per-
charge range are then assigned to their respective matrix rate that is defined by a look-up
table. These tables link the mass and mass-per-charge information to a certain ion or, in
some cases, a mixture of multiple ions. Because the operation of a simple ”look-up” is
performance-wise much faster than a mass and mass-per-charge algorithm (see Eq. 2.4,
2.5), these tables prove to be an efficient way to determine the species of incident events.

The matrix rates contain information about the number of measured events of a given
ion or mixture of ions within a certain time interval and energy range. They also provide
information about the instrumental position and deflection bin, i.e. the incident angle
of ions. The resolution of these rates may vary depending on the particular rate. A
complete overview of the available matrix rates can be found in Galvin et al. [2008].
However, matrix rates do not provide any information on the time-of-flight and deposited
energy in the SSD, which, in case of a defective look-up table, renders them to be very
disadvantageous. Without the 7 and E information it is impossible to determine mjo, and
Mion/Gion Tetrospectively. As a result an incorrect allocation by the look-up table can not
be undone. In Drews [2009] we have shown that the currently used look-up tables, which
are based on pre-calibrations, are indeed far from ideal. The mass and mass-per-charge
ranges provided by the look-up table insufficiently cover the respective mass and mass-
per-charge range of an ion’s matrix rate - even for common solar wind ions such as He?*
and O%t. As a results only a fraction of events is properly allocated to their respective
rate, while in other cases events are simply misassigned.

The pickup He™ distribution is covered by ~ 50% of its respective mass and mass-per-
charge range assigned by the look-up table. Especially no spillover contaminates the He™
rate rendering it suitable for our purposes. For CT, N*, OT, and Ne*, however, only
a consolidated heavy pickup ion rate exists. Considering that these heavy pickup ions
exhibit quite different properties in terms of velocity and longitudinal distributions in the
heliosphere, it is required to analyse each of the heavy pickup ions separately. Therefore
so-called Pulse Height Analysis Data (PHA) is used for our further analysis - the second
data product PLASTIC provides.

2.3.1. Pulse Height Analysis Data

Pulse Height Analysis data (PHA) provide the most detailed information available. Each
incident event that satisfies the event selection logic conditions is characterized by the
following set of information.

e F/qy - Instrumental energy-per-charge step
There are 128 logarithmic spaced energy-per-charge steps E/qy4 that are connected
to the F/q information of an event by

E/qlkeV /e] = 0.2 - 1.04895"7"F/a% (2.7)

e 74 - Instrumental time-of-flight channel
The linearly spaced time-of-flight channel 7 represents an ion’s time-of-flight 7
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through the 8 cm long time-of-flight path. It is connected to 7 by

T[ns] =0.25 - 74 + 1.3. (2.8)

E4 - Instrumental energy deposition in the SSD
The linearly spaced energy deposition channel is linked to an ion’s energy F by

ElkeV] =22 -Ey — 6.4. (2.9)

4 Instrumental latitudinal angle of incidence

Inside the Solar Wind Section PLASTIC allows to distinguish between different
latitudinal inflow angles of incident ions by a pair of deflector electrodes. The 32 so-
called deflection steps 04 are linearly spaced in the range between -20° to 20° with
respect to the orbital plane of the spacecraft and have a latitudinal acceptance of
Af# =2°. Outside the Solar Wind Section PLASTIC does not provide any latitudinal
information.

¢4 Instrumental azimuthal angle of incidence

A resistive anode position detector inside the Solar Wind Section provides informa-
tion on the azimuthal inflow angle of incident ion. It can distinguish between 32
different azimuthal angles, that are linearly spaced in the range of -22.5° and 22.5°.
The two center position ¢15 16 are centered around the connecting line between the
spacecraft and the Sun. The azimuthal acceptance of ¢ is ~ 3°. The WAPSSD and
WAPNOSSD sections each come with 8 discrete anodes which complete the 360°
azimuthal coverage. These 16 discrete anodes have different azimuthal acceptances
and are non-uniformly spread over an angular range of 315°. A detailed description
of their characteristics can be found in chapter 2.2.

Q4 90° Triggered instrument quadrant

SSDy Triggered SSD Pixel

Measurement of E inside the Solar Wind Section is performed with 8 independent
SSD pixel SSDy that are linearly spaced between SSDy and SSD7. They can be
used as an independent source for the azimuthal inflow angle of incident ions.

SECy Triggered Instrument Section
The instrument is subdivided into four different sections - The Solar Wind Section
(SECy,1), the WAPSSD (SEC3), and the WAPNOSSD (SECS3)

Py Events priority assignment

Due to the mission’s limited telemetry bandwidth each event is assigned to a priority
number Py that determines the likelihood of an actual transmission of that event.
The priority number is based on the mass and mass-per-charge information. P;
(heavy ions including C*, N* OT, and Ne™) represents the highest priority, while
Py (main solar wind ions such as Ht and He?*") stands for lowest priority. A detailed
description of the priority assignment can be found in Galvin et al. [2008] or Drews
[2009].
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PLASTIC is capable of processing 512 PHA events per instrumental energy-per-charge
step which adds up to a total of 65536 PHA events per minute. However, due to PLAS-
TIC’s limited telemetry allocation of 3kB/s only a small sample of 768 events can be
transmitted to Earth while the remainder of the PHA data is only considered for the cre-
ation of the matrix rates - a heavily compressed version of the available data. The chosen
PHA sample transmitted is solely based on the on-board priority assignment, which means
that the sample not necessarily reflects the expected composition of the solar wind and
pickup ions. Instead the priority assignment heavily favors ions of high energy-per-charge
with masses m >4 amu (He®, O%t, Fe™ 89+ heavy pickup ions) over ions of lower
energy-per-charge with masses m <4 amu (H*, He?"). To account for the priority based
sample selection it is necessary to apply a so-called base rate weighting to the transmitted
PHA data. It assigns to each transmitted PHA word a respective base rate weighting
factor

b= Npua/Tprua, (2.10)

where Npg 4 is the number of detected and Tpy 4 the number of transmitted PHA events
of the respective priority Py, energy-per-charge step F/qy, section SECy and five minute
fraction of the day. Applying the base rate factor to the PHA data means that a PHA
event is occasionally treated not as a single but instead as a collection of PHA events
with the effect that the PHA data will properly reflect the solar wind and pickup ion
composition. This procedure, however, can be also misguiding, as it not only multiplies
the number of PHA events, but also the accompanied informations of the time-of-flight,
residual energy, and incident angles. As a consequence few events with a high base rate
weighting factor could probably distort the observed 7-, E—, ¢—, and 6-distributions.

In general, pickup ions, with the exception of HT, have at a fixed velocity a higher
energy-per-charge than solar wind ions, which has two advantageous consequences. First
of all, the priority bases selection scheme favors pickup ions over the more abundant solar
wind ions, which means that most of the pickup ion data will be available as PHA data.
As a result, we do not have to deal with a possible distortion of the -, E—, ¢—, and 6-
distributions coming from base rate weighting. Secondly, pickup ions with masses m > 4
amu are, at a given energy-per-charge step, well separated in terms of time-of-flight from
the main solar wind constituents. This allows us to determine the species of heavy pickup
ions solely from an event’s mass-per-charge information, which reduces the 3-dimensional
problem of species classification (E/q, 7, F) to a 2-dimensional one (E/q, 7).

Figure 2.8 shows a sample of the transmitted PHA data that was collected during a
period of 1400 days, beginning in February 2007, at an energy-per-charge of 42.2 keV /e.
The top panel shows so-called Triple Coincidence Rates (TCR) events, i.e. events that
triggered an E/q, T (x-axis), and F (y-axis) signal, while the bottom panel shows Double
Coincidence Rates (DCR) events, i.e. events with only a corresponding F/q and 7 signal.
Most events without a corresponding energy deposit in one of the solid state detectors had
an energy E that was smaller than the solid state detector threshold Er. The purpose of
the SSD threshold is to suppress noise of the SSD, which would otherwise waste a large
part of the limited telemetry reserved for the PHA data. Er was generally set to ~9.2
keV (E14) for the observed time period. However, it has also been subject to frequent
changes during the whole mission duration, which results in a non-constant £ cutoff for
PHA data accumulated over prolonged time periods (compare Ejg_16 in Figure 2.8). In
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Figure 2.8.: PLASTIC Pulse Height Analysis (PHA) data measured with the Solar Wind Section
in a time period of 1400 days beginning in February, 2007. All events had an energy-
per-charge of 42.2 keV/e (vge+ = 1462 km/s), which corresponds to E/qi5. The
expected position of He™, C*, N, O, and Net are shown.

addition, the probability to trigger a signal in one of the solid state detectors is even
for events with E > E7 not 100% and a function of the particle’s mass, energy and the
detector characteristics, e.g. the dead layer of the SSD. A brief overview on the SSD
characteristics and efficiency can be found in Galvin et al. [2008].

The presented PHA sample at F/q;5 shows the most abundant pickup ions measurable
with PLASTIC, i.e. He" (vp+ = 1462 km/s), CT (vo+ = 843 km/s), N (vy+ = 781
km/s), OT (vo+ = 730 km/s), and Ne™ (vy.+ = 653 km/s). Because the velocity of an
ion is a function of its mass and the instrumental energy-per-charge step (see Eq. 2.6),
singly charged pickup ions of different masses have different velocities at a given E/qy4.
As a result, the expected time-of-flight after an ion’s passage of the carbon foil is unique
and a good indicator for its species. Of all shown pickup ions He™ has the lowest mass
and consequently its expected time-of-flight (7,+ ~ 170) is the smallest with respect to
the remaining pickup ions. During passage of the thin carbon foil, however, ions lose a
fraction of their energy. The energy loss is not only a function of an ion’s energy but also
a function of the particle’s mass, which makes it rather complicated to find an analytical
expression for the expected time-of-flight positions. A general rule of thumb is: The higher
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the mass-per-charge of an ion at a given E/q4 the higher their expected time-of-flight
position. For ions that have a very similar mass-per-charge but different charge state, e.g.
Het and Fe'4t, the ion with the higher charge state will have a slightly smaller expected
time-of-flight position due to the instrumental post acceleration.

Because singly charged pickup ions have quite unique mass-per-charges with respect
to solar wind ions, we don’t necessarily need the expected Ey position to identify their
species. Solar wind ions on the other hand can have numerous charge states and therefore
can also show a strong overlap in mass-per-charge space that requires further measurement
of their energy E or rather mass mi,, for a clear species identification. The energy
measurement after passage of the carbon foil is performed by several solid state detectors
that have similar detector characteristics. The measured energy E of an ion is due to the
Pulse Height Defect (PHD) always smaller than the actual energy FEjio, of the respective
ion. The PHD describes the energy loss caused by the SSD dead layer, phonon excitation,
and electron-hole-pair recombination and scales between zero and one. Generally the
PHD increases with increasing ion masses, which is also the reason why the pickup ion
distributions in Figure 2.8 show a decreasing expected E4 position with increasing masses.

As already stated, for a definite identification of the pickup ion species we need the
expected time-of-flight (and optionally the residual energy) of each pickup ion species as
a function of the instrumental energy-per-charge step E/qx. Finding the expected time-of
flight is primarily a matter of finding a suitable expression for the energy loss due to an
ion’s passage of the thin carbon foil. Such an analysis has already been performed in
Drews [2009] using the simulation program ”The Stopping and Range of Tons in Matter”
(SRIM) [Biersack et al., 2008], which utilizes results of several stopping experiments for
a semi-empirical model of the energy loss of particles in matter. With that we can derive
the energy and species dependent energy loss parameter

dioil JF
E, mion) = B} — 2.11
OZ( ;mlol’l) ion 0 d{L‘ :L" ( )
that is required for the expected time-of-flight
1 my
T = \/2 2 ((E/q+ Veac) - a(E, mien)) L - d. (2.12)
Gion

Here, dgojj = 144A denotes the carbon foil thickness, dE /dx the differential energy loss of
the particle, Vpac = 20 kV the post-acceleration voltage, and d = 8 cm the time-of-flight
path.

The expected residual energy of ions was derived by performing a cross-calibration of
the PHD between the SSDs of SWICS on-board ACE with the SSDs on-board PLASTIC,
which are both Passivated Ion Implanted Planar (PIPS) detectors with very similar char-
acteristics. With the energy and species dependent PHD parameter 5(E, mjo,) we can
then calculate the expected residual energy of particles with

E= Qion(E/q + VPAC) : Oé(Ea mion) : B(E7 mion) (2-13)

A more elaborate discussion on the expected time-of-flight and residual energy with PLLAS-
TIC is given in Drews [2009]. The resulting expected time-of-flight and residual energy
positions for a sample of ions is shown in Figure 2.9.
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Figure 2.9.: Expected time-of-flight and residual energy positions for various solar wind and pickup
ions at 128 instrumental energy-per-charge steps.

If we assume that the pickup He™ distribution does not overlap with adjacent distribu-
tions in 7-space, we could allocate the available He™ data by a simple filtering method,
also known as box-rate-method. Events that lie within a certain range of an ion’s expected
time-of-flight 75, (and potentially residual energy Eio,) would then be assigned to its re-
spective species. Of course, the range must be chosen to reflect the actual uncertainty
of the time-of-flight measurement to ensure that the data is not partially cropped by the
applied filter. This requires an estimate of the expected time-of-flight uncertainty, which
is primarily governed by

e the uncertainty of the energy loss dE/dx (£AT)

e the uncertainty AE/q = 6% of the energy-per-charge measurement (£A7)
e a variable carbon foil thickness or curvature (+A7)

e the uncertainty of the start- and stop-trigger electronics (+AT)

e angular scattering of ions passing through the carbon foil (+A7).

The first four items will create a deviation A7 of the expected time-of-flight that is either
positive or negative, while the angular scattering due to passage of the thin carbon foil can
only cause a positive A7. However, all of these items can produce an asymmetric time-of-
flight distribution as most of these effects don’t scale linearly with 7. Finding a suitable
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Figure 2.10.: Hefog-box (left) and He;  g-box (right) accumulated over a period of 100 days.
The x-axes show time-of-flight channel and the y-axes energy-per-charge steps. The
color coded intensity is normalized to 1 at each E/gy, where red denotes maximum
intensity, blue minimum intensity, and white, areas where no counts were observed.
The dark green line denotes the expected 7-position of He™. Within F/q; _go the core
of the He™ distribution is fully covered by our applied filter. At E/qs45 the HeJTrCR
signal almost vanishes with respect to instrumental noise. He$CR, on the other hand,
shows a clear signal but also a Fe!* induced background in this energy-per-charge
regime. The background is visible in form of an increasingly distinct asymmetry
towards small time-of-flights.

expression for the expected time-of-flight distributions is a very complex matter due to the
variety of involved processes. In fact, most of them require a numerical simulation that is
able to predict the behaviour of particles and secondary electrons in PLASTIC’s time-of-
flight chamber in order to give a profound estimate on the time-of-flight characteristics.
For the moment, it is sufficient to assure that the He'-box is neither partially cropped nor
heavily polluted by a time-of-flight background. Without a detailed quantification of the
time-of-flight characteristics, we can only assure a full coverage of the Het distribution
using a longterm data calibration. For that, a minimum and maximum 74 and Eyx were
manually chosen in the energy-per-charge range of E/q3_go, that sufficiently covered the
respective He™ distribution under consideration of spill-over counts by adjacent solar wind
ions (see Figure 2.10). Spill-over, especially of Fe!4* which has a very similar mass-per-
charge, mainly occurs at F/g-45. Almost all Fe!*t events have sufficient energy to trigger
a residual energy signal and therefore primarily occur in form of TCR. Furthermore, they
are well separated in terms of residual energy from Het and don’t produce any background
in the HeT-box (see Figure 2.10, left panel). However, Fell)%R, despite being quite rare
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Figure 2.11.: TCR~ and DCR-box of heavy pickup ions accumulated over a period of 1000 days.
The x-axes show time-of-flight channel and the y-axes energy-per-charge steps. The
color coded intensity is normalized to 1 at each E/gx, where red denotes maximum
intensity, blue minimum intensity, and white, areas where no counts were observed.
The red lines denote (from left to right) the expected T-position of CT, N* OT, and
Ne™.

compared to Fe}F%FR, is able to produce a significant background due to its similar mass-

per-charge and the fact that it can’t be separated in terms of residual energy. Because
Fe'4t loses less energy per nucleon during its passage through the carbon foil, its expected
time-of-flight is slightly smaller than that of Het. As a result, the HeJﬂCR—box shows
with increasing E/q4 an increasingly distinct asymmetry towards smaller time-of-flights
induced by a Fe'** background (see Figure 2.10, right panel).

For the acquisition of heavy pickup ion data it is not sufficient to apply a simple 7/FE-
filter. Figure 2.11 shows the available pickup ion data accumulated over a period of 1000
days and clearly demonstrates that the C*, N*, O", and Ne™ r-distributions overlap,
which would cause a significant uncertainty of the respective box-rates. In section 3.2
our approach to separate the observed CT, NT, OT, and Ne™ distributions from each
other is discussed and compared to a simple box-rate method. However, we first need to
collect the available data, which is achieved by a dynamic heavy pickup ion filter that,
at an energy-per-charge range of F/q3_¢o, allocates all events with a time-of-flight higher
than the expected time-of-flight of C™ minus 100 channel. With that we can assure
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to allocate only particles with a mass-per-charge value of at least ~9 amu/e up to the
maximum measurable mass-per-charge of PLASTIC. Because heavy pickup ions clearly
dominate their respective mass-per-charge range, i.e. solar-wind ions are not expected
to significantly contribute to the mass-per-range between 12 amu/e and 24 amu/e, it is
not required to limit the heavy pickup ion data to TCR only. In fact, Figure 2.11 shows
that heavy pickup ion DCRs can even be resolved up to ~ F/g3o while the TCRs seem to
be polluted by an extended 7-background at E/g-20 that has its maximum at 