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ABSTRACT 

The hehosphere, the volume inflated by the solar wind, is impenetrable to inter

stellar plasma, except for high-energy galactic cosmic rays. Neutral components of 

the local interstellar medium (LISM), however, do enter at the speed of Sun's rela

tive motion to LISM. On their journey through the heliosphere, interstellar neutrals 

are subject to ionization by solar wind protons and electrons, solar photons, and 

also the gravitational pull of the Sun. Once ionized, the newly created ions, called 

"pickup ions" (PUIs), are swept out by the solar wind toward the termination shock 

(TS). Helium atoms, having a higher ionization potential, penetrate deeper into the 

solar system, with their trajectories gravitational focused to form a cone of high 

concentration of LISM He in the wake of the Sun's motion through LISM. This He 

cone provides a rich source of He"*" PUIs. Recent theories suggest that PUIs are 

the seed particles for the detected anomalous cosmic rays (ACRs) - singly-charged 

ions highly enriched in He, N, O, and Ne, and with energies < 50MeV/nuc after 

solar modulation. To reach such high energies, it would be necessary that the PUIs 

be pre-accelerated before reaching the TS, where the ions are finally accelerated 

to become ACRs. This thesis investigates two aspects of the PUIs life cycle by 

using the data gathered by Solar Wind Composition Spectrometer (SWICS) on the 

Advance Composition Explorer (ACE). The first is a study of pre-acceleration of 

He""" PUIs up to 100 KeV, by shocks generated by coronal mass ejecta. Our re

sult implies that quasi-parallel shocks are more efficient at accelerating He"*" PUIs 

in this energy interval than quasi-perpendicular shocks. The second is a study of 

time-variability of the gravitationally focused He cone. Our results suggest that 

the most likely cause of observed variability is due to the changing ionization rate 

of He over the solar cycle. 
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CHAPTER 1 

INTRODUCTION 

1.1 Scope of the Thesis 

This thesis work is devoted to study He"'' pickup ions: their origin, observational 

signatures or "birth marks", and physical means of transport and acceleration in 

the heliosphere. In order to understand the nature of pickup ions, one first needs 

to explore the general properties of the interstellar neutral atoms and how they are 

picked up and transported by the solar wind in the heliosphere - the region of space 

extending from the Sun to well beyond the orbit of the planets, and nested in the 

environment of the local interstellar medium. The solar wind flow results from the 

dynamic expansion of the solar atmosphere, where magnetic fields, solar rotation, 

and wave-plasma interactions play a major role. The dynamic changes in the solar 

wind, with accompanying implications for the generation and transport on pickup 

ions throughout the heliosphere, are governed by the solar activity on all scales. 

Thus, we first need to discuss the dynamic nature of the Sun (in § 1.2), inherent to 

its magnetic fields, and how Sun's behavior affects the structure of the heliosphere 

(in § 1.3) over time. We then discuss the basic properties of pickup ions in the 

hehosphere (in § 1.5): their production, spatial transport, and acceleration. In 

§ 1.4, we look at the broader impact of the knowledge we gained in our heliospheric 

journey on understanding the nature of distant, solar-like stellar systems. 

The work in this thesis is based on data collected by the SWICS instrument 

onboard ACE spacecraft. Thus, in Chapter 2, our attention is focused on describing 

the specifics of the SWICS spectrometer including: principle of operation (in § 2.2), 

detailed description of basic components and instrument capabilities (in § 2.3). 

The helium cone that results from the focusing effect of solar gravity on the 

trajectories of interstellar helium atoms is discussed in Chapter 3. Here we analyze 

the properties of He cone and related variability over the solar cycle as observed by 

SWICS. First, we present a brief overview on the methods of studying the LISM 
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from within the hehosphere (§ 3.1), followed by a tour introducing the existing 

models of interstellar He distribution in the hehosphere (§ 3.2). The mechanisms 

for generating He"*" pickup ions are discussed in § 3.3, while the means of their 

detection by the He cone are put forth in § 3.4. Finally, in § 3.6, we discuss the 

results on our data analysis (§ 3.5) and their importance to the subject. 

The acceleration of pickup ions in the hehosphere due to interplanetary tran

sients, i.e. interplanetary coronal mass ejection (ICME) driven shocks are discussed 

in Chapter 4. This study is important for understanding the means by which pickup 

ions are energized on the their journey to the termination shock, where they un

dergo the main stage of their acceleration. Thus, the energetic particles in the 

heliosphere, especially ACRs and how pickup ions are related to them are intro

duced in § 4.1. Then, the transient phenomena in the interplanetary space will 

be presented (in § 4.2), with an emphasis on ICMEs. The Alfven waves and their 

interaction with the solar wind flow will be discussed in § 4.3, followed by a brief 

overview on shocks in the heliosphere (in § 4.4), their basic parameters (§ 4.4.1), 

and jump conditions (§ 4.4.2). We will review our current understanding on the 

acceleration processes at colHsionless shocks in § 4.5. Intimately connected with 

the acceleration of particles is their spatial transport throughout the heliosphere, 

as will be discussed in § 4.5.3. While the processes of charged particle acceleration 

and transport at high energies are well established, the initial acceleration of pickup 

ions is yet under investigation, and so, our understanding is less advanced. Finally, 

in § 4.6 we present the results on our data analysis on He"*" pickup ion acceleration 

by ICME-driven shocks and how consistent these results are with the theoretical 

predictions. The overall conclusions are drawn in Chapter 5, along with action 

items for future investigations in the related fields. 

1.2 The Sun 

Our Sun is an ordinary star, yet special for us and life on Earth. Being about 

4.6 billion years old, it is expected to live for another 5 billion years. The Sun 
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consists of about 90% hydrogen, 10% helium, and 0.1% other minor constituents, 

such as carbon, nitrogen, and oxygen. The Sun has a diameter of 1.4 • 10® km -

a million Earths would fit inside its enormous volume. Sun's average density is 

only 1.4 • 10^ kg/m®, which is a quarter of the average density of the Earth. Its 

average distance from the Earth is about 1.5 • 10® km. This distance is called the 

astronomical unit (AU). It takes about 8 min for sunlight to travel this distance 

and reach us. 

The Sun's atmosphere is divided into the photosphere, the chromosphere, and 

the corona. The photosphere is the lowest, densest layer of the solar atmosphere. 

This thin shell, about 5 • 10^ km thick, is the only part of the Sun that our naked 

eyes can see. Just above the photosphere lies the chromosphere which is about 

2.5-10^ km thick. Higher up in the solar atmosphere is the tenuous corona, which 

extends into the interplanetary space. In general, both the chromosphere and solar 

corona, as well as the cooler photosphere (~ 6 • 10^ K), are characterized by gradual 

temperature and density gradients. There is, however, a more sudden change in 

temperature from the relatively cool (~ 10'^ K) chromosphere to the hot (~ 10® K) 

solar corona. The physical mechanisms that generate and sustain the observed 

hot corona have so far defied a qualitative understanding, despite the multitude 

of efforts spanning over half a century It is now widely recognized that coronal 

heating for the Sun and solar-like stars is tied to magnetic activity (Vaiana and 

Rosner 1978). 

1.2.1 Sun's Magnetic Field 

The Sun is a magnetic star; its average magnetic field intensity is about 10"^ T 

(Lang 2001). Magnetic fields of the Sun were first inferred from observations of 

sunspots by Hale in 1908. Sunspots support magnetic fields with intensities rang

ing from about 0.1 T to several teslas. The number and position of sunspots varies 

over an 11-year cycle of solar magnetic activity. The entire solar atmosphere is 

permeated by magnetic fields generated inside the Sun. The field is rooted in the 

photosphere, and extends through the chromosphere and corona into the helio-
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sphere. The Sun's magnetism plays an important role in molding, shaping, and 

heating the coronal gas. Interplanetary space is filled with the magnetic fields 

stretched out by the bulk expansion of the solar corona. 

Near solar minimum, the dominant component of the solar source magnetic 

field is a dipole, which is nearly aligned with the solar rotation axis (Zhao and 

Hoeksema 1996). At solar maximum, high order multipoles significantly affect 

the configuration of the solar magnetic field. The dipole component, which still 

dominates at large distances, is highly inclined; it is as though the dipole has 

rotated during the solar cycle (Smith et al. 2001). Near the maximum of the 11-

year solar cycle, the large-scale magnetic field of the Sun reverses its polarity; the 

magnetic north pole switches to a magnetic south pole, and vice versa. Thus, the 

full magnetic cycle on the Sun takes an average of 22 years. Near the maximum 

of the activity cycle, the shape of the corona and the distribution of the Sun's 

extended magnetic field can be much more complex. The corona becomes crowded 

with helmet streamers (to be discussed below) that can be found even near the 

Sun's poles. 

The Zeeman effect can be used to measure the strength and direction of the 

magnetic field in the solar photosphere, especially in the sunspots where the mag

netic field is strong enough to be measured. Modern instruments, called vector 

magnetographs, measure the full vector of the field and so return three quantities: 

magnitude of the line-of-sight magnetic component; size of the transverse compo

nent; and direction of the transverse component. They provide by far most complete 

information about the dynamics and fine structure of photospheric magnetic fields. 

1.2.2 The Solar Wind 

The tenuous solar corona expands in all directions, filling interplanetary space with 

a perpetual wind flowing away from the Sun. The solar wind, a highly conducting 

plasma, is mainly composed of electrons and protons which move with supersonic 

speeds. The restless wind was first inferred from comet tails, following a theoretical 

argument by L. Biermann (1951), and ultimately confirmed by direct in-situ mea
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surements from spacecraft in the early 1960s (Neugebauer and Snyder 1966). To 

date, it is widely recognized that the global structure of the solar wind results from 

the complex interaction between the expanding coronal plasma, magnetic fields, 

solar rotation, and interplanetary turbulence. 

By the time the solar wind has reached the Earth, it is moving with supersonic 

velocities of hundreds of kilometers per second (~ 400 — 800km/s). Observations 

show that at 10 solar radii the solar wind is already supersonic, meaning that the 

solar wind flow speed attains high values very close to the Sun (Goldstein et al. 

1996). In this region, the density and temperature of the wind decrease with radial 

distance from the Sun, while the wind speed, in turn, increases. 

In 1957, S. Chapman formulated a static coronal model which combines a ther

mal conduction model with a specific temperature distribution derived for ionized 

gases in a hydrostatic atmosphere. Even though this model allowed the solar corona 

to extend at large distances, the ion density and temperature predicted at the po

sition of the Earth were too high. In 1958, E.N. Parker formulated a dynamical 

model of the solar wind, with streaming of particles at the base of the corona (mass 

flux). Integration of the hydrodynamic equation for the simple case of radial out

flow showed that the hydrodynamic expansion of the extended hot corona into the 

vacuum of the interstellar space (the interstellar pressure is small compared to the 

pressure of the solar atmosphere) automatically creates the supersonic solar wind. 

Parker's model of solar wind expansion is similar to the way gases flow through a 

deLaval nozzle. 

Until 1990 all solar wind observations have been made near the ecliptic. In 1990 

Ulysses mission was launched into an orbit almost perpendicular to the ecliptic, for 

the first time covering all heliospheric latitudes. During its fast latitude transit from 

the south pole to the north pole from September 1994 to July 1995 at heliospheric 

distances of 1.3 — 2.3 AU, and at a time just prior to solar activity minimum, Ulysses 

revealed a sharp boundary between a relatively uniform fast and tenuous wind at 

high latitudes, and a slow and denser wind near the solar equator (Goldstein et 
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al. 1996). There was no pronounced dependence of plasma and magnetic field 

parameters on latitude in the fast solar wind (Forsyth et al. 1996). In the fast 

flows the velocity was ~ 700 — 800km/s (on average 773km/s; Feldman et al. 

1996), with a slight positive pole-ward gradient, while the density and the radial 

magnetic field were roughly uniform. In turn, the slow solar wind is highly variable 

and gusty, and it moves at about half the speed of the fast wind. While the fast 

wind is always there, lasting for years without substantial changes in composition, 

speed or temperature, the slow wind is more variable. 

Parameter Fast wind Slow wind 

Composition, 
temperature, Uniform Highly variable 
and density 

Proton density. 3 -10® 1.07-10^ 
Np (m"2) 

Proton speed. 7.5 • 10® 3.48 • 10® 
Vp (m • s"^) 
Proton flux. 1.99 • lO^"-^ 3.66-1012 

Fp = NpVp (m-Vi)  
Proton temperature. 2.8 • 10® 5.5 - 10^ 

r , (K)  
Electron temperature. 1.3 • 10® 1.9 - 10® 

T e { K )  
Helium temperature. 7.3 • 10® 1 .7 -10® 

Ta (K)  

Table 1.1: Average solar wind parameters measured at lAU (adopted from Lang 
2001). 

Table 1.1 summarizes the physical properties of both types of solar wind. This 

shows that the fast and the slow winds have different signatures. In the high-speed 

wind, the protons are a few times (~ 2.2) hotter then the electrons; the alpha 

particles are even hotter than the protons. On the contrary, in the slow solar wind 

the lighter electrons are hotter then the heavier protons. 

The observed dichotomy between a fast wind and a slow wind (Phillips et al. 
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1995; Goldstein el al. 1996) results from the topological structure of the solar 

magnetic fields that are divided into open field and closed field regions by the 

boundaries of coronal streamers (see Figure 1.1). The latter, also known as helmet 

streamers, are confined to low latitudes near the minimum of the 11-year solar 

activity cycle when the average wind speed increases from the solar equator to 

higher latitudes (see Figure 1.2). At maximum of solar activity, the slow wind 

seems to emanate from all over the Sun, and the high-speed wind is less prevalent 

(McComas et al. 2002). 

Figure 1.1: Traditional view of the origin of solar wind suggests that the fast 
wind blows out from the coronal holes along open magnetic field lines, whereas the 
slow wind emanates from the stalks of the coronal streamers, above the closed 
magnetic field lines, and along the magnetic current sheet, in purple (source 
http: //www. americanscientist.org). 

The high-speed wind originates from the coronal holes (Nolte et al. 1976), 

which are usually present at the poles of the Sun during minimum activity (see 

Figure 1.1). The coronal holes have comparatively weak (~ 8 • lO^'^T) and open 

magnetic fields, whose field lines stretch radially outward, providing a fast lane for 

open 
magnetic 
field lines 

sireamef 
stalk cofbnal 

stfeamer 

closed 
magnettc 
field lines 



the wind. The high-speed solar wind squirts out of the nozzle-like coronal holes, 

like water out of the fire hose. 

Figure 1.2: A radial plot of the solar-wind speed versus latitude along with a 
composite picture of an UV image of the solar disk and a white-light image of the 
solar corona. The velocity data, obtained by Ulysses between 1991 and 1996 (at 
solar minimum), show that a fast wind escapes from the polar regions where coronal 
holes are found, whereas a slow wind is associated with the Sun's equatorial regions 
that contain coronal streamers (from McComas et al. 1998). 

1.2.3 The Interplanetary Magnetic Field (IMF) 

The charged particles in the solar wind drag the Sun's magnetic field with them: the 

field is "frozen-in" (see § 1.2.4 for more details). While one end of the interplanetary 
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magnetic field remains firmly rooted in the photosphere and below, the other end 

is extended and stretched out by the radial expansion of the solar wind. The 

Sun's rotation winds up the magnetic field into a large rotating spiral, known as 

the "Parker spiral", named after E.N. Parker who first described it (Parker 1958; 

see Figure 1.3). The global-scale magnetic field of the Sun is primarily directed 

Figure 1.3: Structure of the Parker spiral in the heliosphere as viewed from ~ 
100 AU away (courtesy of S.T. Suess; http://science.nasa.gov). 

outward from the Sun in one of its hemispheres, and inward in the other. This 

produces opposite magnetic field directions within the Parker spiral. The thin layer 

formed between the different field directions is described as the "neutral current 

sheet", and is also known as the "heUospheric current sheet". Since the neutral 

current sheet does not necessarily follow the solar equator, the rotation of the Sun 

causes the current sheet to warp and bend as can be seen in Figure 1.4. These effects 

are carried out into the heliosphere by the solar wind. Figure 1.5 shows the geometry 

of the neutral current sheet for Carrington Rotation 1935 (with central meridian on 

May 1, 1998), and also the distinct bi-modal structure of the solar wind (provided 

by I. Roussev; private communication). Close to the neutral sheet (iso-surface 

http://science.nasa.gov
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Figure 1.4: In the image above, it is easy to see why the neutral current sheet 
is often called the "ballerina skirt". The Parker spiral is indicated by the arrows 
(courtesy of J.R. Jokipii; http://helios.gsfc.nasa.gov). 

colored in purple), the solar wind is slow with a typical speed of 450 km/s (iso-

surface colored in green), while away from the current sheet the wind speed ramps 

up to a value of 800 km/s (iso-surface colored in orange). The global structure of 

the solar wind and the heliospheric current sheet is highly variable with the solar 

cycle. 

The global pattern of the interplanetary magnetic field changes dramatically 

near the maximum of the 11-year activity cycle when there is a switch in the 

magnetic polarity at the poles. The dipolar, warped current-sheet model does not 

apply at maximum activity; the main current sheet moves about and secondary 

sheets are often present. 

1.2.4 The "Frozen-in" Concept 

Let us now investigate how the solar wind and the interplanetary magnetic field 

affect one another. The hot coronal plasma making up the solar wind possesses an 

extremely high electrical conductivity. In such a plasma, we expect the concept of 

http://helios.gsfc.nasa.gov
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Figure 1.5: Three-dimensional view far from the Sun showing iso-surfaces of a wind 
speed of 470km/s (shaded in green); a wind speed of 760km/s (orange); and a zero 
radial magnetic field (courtesy of 1. Roussev). 

"frozen-in" magnetic field-lines, described below, to be applicable. The continuous 

flow of coronal material into interplanetary space must, therefore, result in the 

transport of the solar magnetic field into the interplanetary region. Before we 

describe the concept of "frozen-in" magnetic field, let us introduce briefly the basic 

elements of magnetohydrodynamics. 

The basic assumption of magnetohydrodynamics (MHD) is that the fields vary 

on the same time and length scales as the plasma variables. If the frequency and 

wave number of the fields are to and K respectively, we have LJTH ~ 1 and kLu ~ 1, 

where TH and LH are the hydrodynamic time and length scales, respectively. In 

this case, a dimensional analysis shows that both the electrostatic force qE (with 

E being the electric field) and displacement current eoHodE/dt may be neglected 
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in the non-relativistic approximation {uj/k <C c). Thus, 

V X B = IIQJ, (1.1) 

where B  and j  are the magnetic field and the electric current density, respectively. 

Being dissipationless, the ideal MHD equations are conservative. In this section, 

we present the most important theorem, due to Alfven (1951), that the magnetic 

field is 'frozen' into the plasma (solar wind), so that one carries the other along with 

it as it moves. This kinematic effect arises entirely from the evolution equation for 

the magnetic field, and represents the conservation of the magnetic fiux through a 

fluid element (Boyd and Sanderson 2003). 

Using the Maxwell's equation VxE = — d B / d t ,  the Ohm's lawj = a { E + u x B ) ,  

and Eq. 1.1, we get the following equation governing the evolution of the magnetic 

field: 

d B / d t  =  V x ( ' U x S )  —  V x  (77V X J5), (1.2) 

known as the induction equation. Here u  is the plasma velocity, a  is the electrical 

conductivity, and rj = 1/ {HqO') is the magnetic diffusivity. Assuming 77 to be uniform 

(although in reality it may depend on electron temperature and density), and using 

the vector identity V x (V x B) = V(V • 5) — V^B, together with the Maxwell's 

equation V • B = 0, the above equation simplifies to: 

d B / d t  =  V  X  { u x  B )  +  r j V ^ B .  (1.3) 

After performing a dimensional analysis of the two terms on the right-hand side 

of Eq. 1.3, we see that the ratio of the convective term to the diffusion term, by 

magnitude, is: 
\ V  x { u x  B ) \  UL H _  ^  , ,  , ,  

=;  ~  =  Km,  (1-4)  
ri\V^B\ V 

where RM is the so-called magnetic Reynolds number. Because typically both u  

and LH are large, RM is normally very large too (~ 10^^ in the solar wind and the 

Earth's magnetosphere). In the case of RM ^ 1, the diffusion term in Eq. 1.3 is 
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negligible, and the induction equation becomes: 

d B / d t  =  W  x ( u x B ) .  (1.5) 

Alfven (1951) demonstrated that a consequence of Eq. 1.5 is that the magnetic flux, 

through any simply-connected surface S bounded by a closer contour C moving with 

the plasma, is conserved. For a time interval dt, an element dl of C (where dl H u) 

sweeps out an element of area uxdl dt. The rate of change of magnetic flux through 

C is therefore; 

^  [  B - d S =  [  ̂ • d S +  ( f  B - u x d l  (1.6) 
dt Js Js ot Jc 

As C  moves, the net flux changes, both because the magnetic field changes with 

time (the first term on the right hand side of Eq. 1.6) and because the boundary 

moves in space (the last term on the right hand side of Eq. 1.6). By using the 

vector identity B • u x dl = —u x B • dl, and after applying Stokes' theorem to the 

last term, we obtain that: 

U B . d S  =  
dt 

^ - V x { u x B )  • d S .  (1.7) 
I s  J s  

This equation describes the net change in magnetic flux in time through the surface 

S. In the ideal limit, Eq. 1.7 is equal to zero, since the right-hand side is identical 

to zero for any S (see Eq. 1.5). Thus, the total magnetic flux through C remains 

constant as it moves with the plasma. That is, we proved magnetic flux conserva

tion, namely that the plasma elements that initially form a flux tube continue to 

do so at all later times. 

1.3 The Heliosphere 

Based on arguments of the solar modulation of galactic cosmic rays, the concept of 

the hehosphere was first developed by Davis (1955). The rapidly expanding solar 

atmosphere creates a bubble, called the heliosphere, that shields our solar system 

from the interstellar plasma and magnetic fields, and most of the cosmic rays and 

dust that comprise the local interstellar medium (LISM). Outside of this bubble 
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there is a yet unexplored region, about which we currently know very little. The 

LISM generally designates the ISM in the vicinity of the Sun, say within 15 pc from 

the Sun (1 pc = 3.0857• 10^® m). The volume filled by the solar wind in the ambient 

LISM, the heliosphere, is a modest representative of an astrosphere or interstellar 

bubble blown into the surrounding interstellar medium by the stellar wind (more 

about astrosphere in § 1.4). 

1.3.1 The Interaction Between the Heliosphere and the LISM 

The size and properties of the heliosphere are determined by the manner in which 

the solar wind plasma and the partially ionized LISM are coupled (Baranov and 

Malama 1993; Pauls et al. 1995; Zank and Pauls 1996). Figure 1.6 illustrates the 

interaction between the solar-wind plasma and the LISM. The interstellar plasma 

may, or may not, impinge supersonically onto the heliosphere. The LISM flow is 

diverted about the heliospheric obstacle either adiabatically, if the relative motion 

between the Sun and the LISM is subsonic, or by means of a bow shock (BS) in case 

of supersonic relative motion. A boundary, called the heliopause (HP), separates 

the heliosphere from the LISM plasma. Neutral particles and high-energy cosmic 

rays enter the heliosphere, whereas ionized species are diverted around the HP. 

The supersonic solar wind is decelerated, diverted, and heated by a reverse shock 

called the termination shock (TS). The region between the HP and the TS is the 

hehosheath (HS). 

The distance from the Sun to the TS is determined primarily by pressure balance 

between the solar-wind ram pressure and the total pressure of the LISM. The latter 

includes the magnetic field pressure, the thermal pressure of plasma, and the ram 

pressure. If one neglects both the deceleration of the solar wind by pickup ions and 

temporal variations in the solar wind ram pressure, the minimum radius Rxs of the 

TS can be estimated from (Parker 1963): 

RTS 
RQ 

Here PQUQ is the solar wind ram pressure at i?o = 1 AU, 7 is the solar wind adiabatic 

7 H- 3 PQUQ 
i/z 

2 ( 7 + 1 )  P o  
(1.8) 
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Figure 1.6: The interaction between the hehosphere and the LISM. The white 
hnes represent charged particles, whereas the pink arrow represent the in
terstellar neutral atoms. Here the boundaries of the heliospheric features 
are mapped according to their relative temperatures (courtesy of G. Zank; 
http: //www. americanscientist.org). 

index, and Poo is the total LISM pressure. For a reasonable choice of solar wind 

parameters and Poo, Eq. (1.8) yields shock locations in the range of 70 — 140 AU 

(Holzer 1989). The uncertainty arises from the little knowledge about the inter

stellar magnetic field and the pressure of the ionized component of the interstellar 

medium. Also, the TS is in constant motion due to variations in the solar wind ram 

pressure, both on small scales due to shocks and on large scales because of solar 

cycle variations (Zank 1999). 

Voyager 2, launched in 1977 and currently at ~ 90 AU from the Sun, recorded 
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a large increase in the intensity of energetic particles in the outer heliosphere. 

Based on these observations, Krimigis et al. (2003) claimed that Voyager 1 exited 

the supersonic solar wind and passed the TS on August 1, 2002 at a distance of 

~ 85 AU, and re-entered the supersonic solar wind about 200 days later, at ~ 87 AU 

from the Sun. McDonald et al. (2003), however, disputed this claim. 

1.3.2 The Interstellar Neutrals in the Heliosphere 

As the Sun moves through the interstellar space, the heliospheric magnetic field 

prevents the ionized portion of the surrounding interstellar gas from entering the 

solar system (see Figure 1.6). The population of interstellar neutral atoms flows 

unimpeded through the essentially collisionless solar wind plasma. This behavior is 

due to their large mean free path with respect to neutral-ion and neutral-electron 

interactions (of the order of tens of AU) and neutral-neutral collisions (hundreds 

of AU; Lallement 2001). In their journey inside the heliosphere, the interstellar 

neutrals are affected constantly by the varying solar wind conditions and solar 

radiation fluxes. A volume devoided of neutrals, the so-called ionization cavity 

(see Figure 1.7), much smaller then the heliosphere (about 10 AU for hydrogen and 

less than lAU for helium) is formed around the Sun. McComas et al. (2004) 

presented the first direct, in-situ observations of the hydrogen ionization cavity. 

The observations were made with Cassini Plasma Spectrometer between 6.4 and 

8.2 AU. 

Atoms from the neutral flow, those that survive ionization, backscatter the so

lar radiation, which makes them detectable from Earth's orbit. Up to now, the 

H and He glow have been intensively studied with their resonance lines at 1216 A 
and 584 A, respectively (Bertaux and Blamont 1971; Thomas and Krassa 1971; 

Weller and Meier 1974). The backscatter radiation has a conspicuous maximum on 

the upwind side for the hydrogen Lyman-alpha (HI 1216 A) glow and, on the con

trary, on the downwind side for the helium Lyman-alpha (He I 584 A) glow. These 

differences arise because helium is ionized much closer to the Sun, as compared to 

hydrogen, and thus can be focused by the Sun's gravitational field on the downwind 
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Figure 1.7: Schematic illustration of the hydrogen ionization cavity and the hehum 
focusing cone. 

side before becoming ionized (see Figure 1.7). On the other hand, hydrogen atoms 

are not gravitationally focused, since the radiation pressure due to solar resonant 

photons balances the gravitation. 

Even though helium is mainly photoionized, charge exchange could happen be

tween a helium ion and a helium atom. It is important to note that in the charge 

exchange process the particles keep their initial momentum; the newly formed he

lium atom, called energetic neutral atom (ENA), flows radially at the solar wind 

speed and leaves the inner Solar System very rapidly. These fast ENAs no longer 

scatter the solar radiation since, due to their high velocity, the resonance wave

length in their rest frame is shifted away from the solar line; they become invisible. 

More about ENAs will be discussed in § 3.7 and § 4.1. 

Our heliosphere, an example of a more general phenomenon of astrospheres, is 

a microcosm, in which most of the high-energy processes of the plasma in Universe 
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take place, but at lower energy. Therefore, knowledge gained here may be applied 

to distant sites in the Universe. 

1.4 What is the importance of studying the LISM? 

The interest in studying the LISM has grown over the past decade for a variety of 

reasons. First, the interstellar gas constitutes the raw material of stars, planets, and 

ourselves. All material that belongs to the solar system has frozen in the state at the 

Sun's birth about 4.5 billion years ago, whereas a sample of the LISM represents 

today's galactic material. A detailed comparison of the elemental and isotopic 

composition of these two distinct samples will provide much needed constraints for 

the models of galactic matter evolution. 

One of the most interesting measurements of this type has been the ^He/^He 

isotopic ratio, found to be 2.25 ± 0.65 • 10""'' from the relative fluxes of ^He"*" and 

''He+ (Gloeckler and Geiss 1996). Since all the processes that transform interstellar 

neutrals in pickup ions affect isotopes of the same element in a very similar way, 

this is directly the isotopic ratio in the LISM. This ratio, related to the Big Bang 

nucleosynthesis and galactic chemical evolution, puts constrains on the production 

of ®He in the low mass stars. In the same way, future measurements should allow 

the determination of ^H/^H, and ^^Ne/^°Ne isotopic ratios. 

The LISM is our immediate neighbor in the Galaxy. The interaction of the 

LISM with the solar wind and its embedded interplanetary magnetic field (IMF) 

defines the outer boundary conditions for the heliosphere. A balance between the 

solar wind ram pressure and that of the LISM determines the size of the heliosphere. 

The space environment of the Earth is directly affected by the solar wind, whereas 

the large size of the heliosphere keeps the overwhelming majority of energetic cosmic 

radiation outside our planetary system. Looking back in the past, our heliosphere 

was probably larger several hundred thousand years ago when the Sun was in a very 

dilute and hot environment. In the future, a few hundred thousand years from now, 

the heliosphere may shrink substantially when it encounters interstellar clouds of 
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Figure 1.8: Illustration of the hydrogen wall. Upper panel: Two-dimensional 
(2D) plot of the plasma temperature, showing the interaction of the solar wind 
with the LISM. The termination shock, heliopause, and bow shock are marked. 
Lower panel: Image of the 2D neutral hydrogen distribution, with the hydrogen 
wall clearly visible between the bow shock and heliopause (courtesy of G.P. Zank; 
http://www.igpp.ucr.edu). 

http://www.igpp.ucr.edu
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much higher density (Frisch 1998, 2000; Zank and Frisch 1999). 

In order to address all of these issues, the elemental and isotopic composition 

as well as the physical parameters (density, temperature, bulk flow, and ionization) 

of key species in the LISM must be determined. As of today, we have direct access 

only to local interstellar material that penetrates the boundaries of our system, or 

the line-of-sight integrals that provide an average over several light years. With 

this in mind, it is obvious that our current knowledge of the LISM, immediately 

outside of the heliosphere, is very limited. Since the heliosphere is impenetrable to 

interstellar plasma, only the neutral component of the LISM is accessible through 

the heliosphere. Even this access is substantially influenced by filtering of several 

species, such as H, in the interface region (the region between the BS and the TS) 

through charge exchange H + H+ ^ H^ + H (Baranov 1990; Fahr 1996; Zank 1996). 

Neutral hydrogen flow properties are modified all through the interface; more

over, a fraction of the neutral atoms is excluded from entering the heliosphere. 

Theoretical models (Baranov and Malama 1993, 1995; Pauls et al. 1995) predicted 

the presence of so called "hydrogen wall" (see Figure 1.8), a region of decelerated, 

hot hydrogen with higher density than the LISM. Hot hydrogen is a strong absorber 

at the transitions of Lyman series, especially Lyman-alpha. The hydrogen wall ab

sorption was first detected by Linsky and Wood (1996) in Lyman-alpha (H11216 A) 
absorption spectra of the very nearby star a Cen taken by the Goddard High Res

olution Spectrograph instrument onboard the Hubble Space Telescope. Since that 

time, it has been realized that the absorption can serve as a remote diagnostic tool 

of the heliospheric interface, and for stars in general, their astrospheric interfaces. 

In essence, our heliosphere is an example of the more general phenomenon of 

astrospheres. As an indication for an astrosphere, a stellar hydrogen wall would be 

seen as an additional Doppler-shifted component in absorption lines of interstellar 

H in the light of the respective star (Frisch 1993). Linsky (1996) and Wood et al. 

(2000) reported observations of astrospheres in our neighborhood. 

The study of the solar wind LISM interaction, and by extension of stellar winds 
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ISM interactions, is connected in various ways to other research activities. For this 

reason, a better understanding of the physical processes at work in the heliosphere 

would also benefit these other fields. 

1.5 Pickup Ions 

The existence of interstellar pickup ions was predicted over thirty years ago (Blum 

and Fahr 1970). Evidence of inflowing interstellar hydrogen and helium was found 

in the measurements of back scattered solar ultraviolet resonance lines (Bertaux 

and Blamont 1971; Thomas and Krassa 1971; Weller and Meier 1974) leading to 

estimates for the density, velocity, and temperature of the neutral gas. The initial 

pickup ion population is unstable, generating low frequency magnetic irregularities 

that can scatter both pickup ions and cosmic rays. Some fraction of interstellar 

pickup ions are further energized, possibly by means of shock acceleration, although 

the injection mechanism is not well understood yet. It is thought that pickup ions 

provide the seed particles for the anomalous cosmic rays (ACRs), mostly singly-

charged particles with energies less then 50 MeV per nucleon, which are highly 

enriched in He, N, O, and Ne (Fisk et al. 1974). The most likely process for the 

acceleration of ACRs involves the termination shock (Pesses et al. 1981, Jokipii 

1986). Thus, a detailed study of the interaction of the interstellar neutral gas with 

the solar wind will lead to valuable information on such diverse topics like: wave-

particle interactions in the solar wind; particle acceleration; and composition of the 

LISM. 

When traveling close enough to the Sun, interstellar neutrals become ionized 

by charge exchange, UV radiation, and electron impact processes. The newly cre

ated ions must suddenly respond to the electromagnetic fields of the supersonic 

solar wind; they begin to gyrate around the magnetic field followed by a rapid 

isotropization by ambient or self-generated low-frequency fluctuations in the plasma 

(Isenberg 1995 and references therein). The ions are now being convected with the 

solar wind; they have been "picked up" (hence, the name "pickup ions"). Since the 
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inflowing interstellar atoms move very slowly with respect to the Sun, ~ 26 km/s 

or ~ 4AU per year (Witte et al. 1993), they have supersonic speeds in the solar 

wind frame. Therefore, the isotropization of pickup ions in this frame results in a 

distinct energetic population of ions with interstellar origin. The measurement of 

absolute flux of the pickup ions and its spatial variation in interplanetary space can 

be used to determine the density, temperature, and relative velocity of the LISM. 

Planetary atmospheres and comets are also sources of neutral atoms; the pickup 

ions born from their interaction with the solar wind are only of local importance. 

From now on, when talking about pickup ions, we mean pickup ions of interstellar 

origin if not otherwise specified. 

1.5.1 Model of Pickup Ions 

1.5.1.1 Initial Pickup 

The simplest picture of the pickup ion distribution was first introduced by Vasyliu-

nas and Siscoe (1976). This is based on the assumption that pickup ions are quickly 

isotropized in the solar wind frame by pitch-angle scattering and subsequently adi-

abatic decelerated in the expanding solar wind. Even though recent results show 

that the relevant scattering processes have mean-free-path lengths comparable with 

the spatial scales involved (Gloeckler et al. 1995; Mobius et al. 1998; Oka et al. 

2002), this model still describes the distribution of pickup ions in velocity space 

relatively well. 

Once ionized, the newly born ions are picked up by the combined forces of the 

interplanetary magnetic field B and the Vgw x B electric field, where Vgw is the solar 

wind velocity. In the reference frame of the solar wind, they perform a gyro-motion 

with pitch angle a {cosa = Vgw • B) and speed 1^*1 (the neutrals move with 

a speed of ~ 26 km/s, which is negligible compared to the solar wind speed of 

350 — 800 km/s). The initial distribution of these ions in velocity space forms a 

ring (see Figure 1.9) on a sphere with radius Vs^ around the solar wind, separated 

by angle a from the direction of B, and streams sunward along the magnetic field. 
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1.5.1.2 Evolution of PUIs in the Solar Wind 

A number of processes determine the evolution of the pickup ion distribution: pitch-

angle scattering and energy diffusion in the wave field; convection and adiabatic 

deceleration in the expanding solar wind; and the injection of newly ionized par

ticles. All of these processes have different time scales; pitch angle scattering, 

however, should dominate due to the large growth rate of the unstable waves and 

the high pickup ion velocities in the solar wind frame. Vasyliunas and Siscoe (1976) 

investigated the evolution of the pickup ion distribution in the absence of energy 

diffusion. Isenberg (1987) generalized this calculation by including energy diffusion. 

Ring 

SheE Sphere 

Figure 1.9: Schematic evolution of the pickup ion distribution in the velocity space. 
See text for details. 

The energetic ring distribution with ion velocities ^ VA in the solar wind 

frame of reference, where VA = is the local Alfven velocity (more details 

about Alfven waves can be found in § 4.3), is unstable to the generation of low-
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frequency magneto-hydrodynamic waves (Lee and Ip 1987). On the other hand, 

there already exists a background distribution of Alfven waves in the solar wind. 

The resonant interaction with the ambient and self-generated waves leads to an 

isotropization of the original ion distribution. The ring distribution thus relaxes 

into a spherical shell distribution (with radius Vgyj) due to the pitch-angle scattering. 

The very efficient pitch-angle scattering implies that the spatial diffusion takes place 

with a short mean free path (A ~ 0.1 AU). 

After some time, the shell distribution would broaden due to energy diffusion. 

Since VA ^ v, classical energy diffusion is unlikely to be an important factor in 

determining the gross evolution of the pickup ion distribution (Zank 1999 and 

references therein). The pitch-angle scattering process is much more efficient than 

diffusion in energy (scattering in energy) since, according to quasi-linear theory, 

the corresponding scattering efficiencies scale as {VA/VSWY for pickup ions at solar 

wind velocity. For example, for pickup ions we get VA = 50 km/s and considering 

Vsiu = 440 km/s, we obtain {VA/vswY — 1/100. This is why the cutoff of the pickup 

ion distribution is so sharp. 

The pickup ion distribution is subject to adiabatic cooling effects in the ex

panding solar wind. The superposition of shells, as the solar wind continuously 

picks up new ions and cools the older ones, forms a filled-in sphere in phase space 

(Vasyliunas and Siscoe 1976) as shown in Figure 1.9. 

Figure 1.10 shows the spherical shell in the velocity space: a) in the solar-wind 

frame where the pickup ion velocity is v\ and b) performing a Galilean transforma

tion 

v' = v + vsw, (1-9) 

in the spacecraft reference system. Here v and v' are the pickup ion velocities in the 

solar-wind frame and the spacecraft reference system, respectively. In the frame of 

an essentially stationary spacecraft, these shells and spheres appear as distributions 

between w = v'jvsw = 0 and w = 2 (Mobius et al. 1985; Gloeckler et al. 1993). 

Observations of He"*" pickup ions by SWIGS instrument onboard AGE at 1 AU are 
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Figure 1.10: The velocity distribution of pickup ions in the solar wind frame is a 
shell with radius Vgw (left figure), while in the spacecraft frame the shell is shifted 
by Vs-w (right figure). 

presented in Figure 1.11. The features of pickup ion distributions discussed above 

become apparent from this figure. A description of how this spectrum was obtained 

can be found in § 3.5. 

Pickup ions are of considerable dynamical importance since they remove both 

momentum and energy from the bulk solar wind fiow (Fahr et al. 2000). As 

a result, the solar wind is decelerated, the ram pressure reduced, and hence the 

expected size of the heliospheric bubble is also smaller. Furthermore, the solar 

wind acquires a tenuous non-thermalized population of suprathermal ions of typical 

energies ~ 1 keV. 

1.5.2 Direct Observations of Pickup Ions 

The development of the time-of-flight particle detector, combined with the use of 

electrostatic analyzer, made possible the direct observation of pickup ions. While 

the electrostatic analyzer provides the selection of energy per charge, the time-of-
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Figure 1.11: Speed distribution of He"'" pickup ions at lAU. This spectrum was 
measured with SWICS instrument on ACE on DOY 360 of 2000. 

flight technique, in conjunction with post-acceleration, enables the detection of low 

energy particles (< lOkeV/nuc) with velocity and energy resolutions (for further 

details see Chapter 2). In 1985, the Suprathermal Energetic Ionic Charge Analyzer 

(SULEICA) onboard the Ion Release Module of the Active Magnetosphere Particle 

Tracer Explorer (AMPTE; Hausler et al. 1985), was able to provide measurements 

of the interstellar pickup He"*" at 1 AU (Mobius et al. 1985), thus allowing for the 

quantitative analysis of these particles. Still, the detection of interstellar pickup 

protons (Gloeckler et al. 1993) had to wait until the launch of the Ulysses space

craft, which went to a larger heliocentric distance. In 1994, Geiss et al. (1994) 

reported on the first measurements of N+, O^, and Ne"*" pickup ions. Later on, 

^He+ (Gloeckler and Geiss 1996) and '^He^"'" (Gloeckler et al. 1997) pickup ions 

were discovered. 
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The presence of interstellar atoms deep inside the heliosphere is necessary for 

creating pickup ions. Elements that are already ionized in the interstellar medium, 

for example C"*", flow around the heliopause and do not enter the heliosphere. There

fore, the interstellar pickup ions of these elements are not expected to be found in 

the heliosphere. Despite this, Geiss et al. (1995) found C"*" with speeds between 

~ 0.8 and 1.2 times the solar wind speed and showed that the majority of the 

C"*" ions, as well as a fraction of O"*" and N"^, are produced by an "inner source" 

(i.e. interstellar dust grains). These authors presented convincing evidence show

ing that molecules sublimating from interstellar grains that have penetrated into 

the inner heliosphere constitute a significant component of this inner source. The 

plasma-dust interactions in the interplanetary space and their possible observa

tional consequences were theoretically considered by several authors (Fahr et al. 

1981; Gruntman 1996). 

The first pickup ion observations (Mobius et al. 1985; Gloeckler et al. 1993) 

were made in a very limited range of ion speeds corresponding to w = v'/vgw > 

1.5, and appeared to have isotropic velocity distribution functions, as predicted 

by Vasyliunas and Siscoe (1976). A sharp drop in the phase space density above 

w = 2 was clearly observed. Later on, however, when it became possible to measure 

interstellar pickup ion distribution w < 1 (Gloeckler et al. 1995), isotropic 

distributions in the solar wind frame were no longer supported by observations. 

The conclusion was that pitch angle scattering is weak (Mobius 1996) and the 

mean free path for spatial diffusion can be much larger, on the order of 1 AU. 

The significant reduction of the pickup ion flux during radial IMF conditions in 

comparison with that during perpendicular IMF (Mobius el al. 1995) can also be 

explained in terms of a larger mean free path. This reduction is more pronounced 

closer to the cut-off energy, i.e. where freshly created ions need the longest time to 

be transported by pitch-angle scattering. 
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1.5.3 He"*" Pickup Ions and ACE 

The average radial distance from the Sun at which interstellar neutrals become ion

ized depends roughly on the first ionization potential of the relevant atom. Helium 

atoms, whose ionization potential is high (24.46 eV), penetrate as deep as ~ 0.3 AU 

from the Sun. Being more difficult to ionize, inflowing helium penetrates closer to 

the Sun compared to hydrogen, which becomes significantly depleted inside 6 AU. 

This is why interstellar He+ pickup ions are the most abundant suprathermal ions 

at 1 AU; they are comparable in density to pickup protons at ~ 5 AU from the Sun. 

As we mentioned in § 1.3.2, in its journey through the heliosphere, the interstellar 

helium is influenced by the Sun's gravitational force; a gravitational focusing cone 

is formed in the downwind side, which is an important source of He"*" pickup ions. 

Orbiting the Sun around LI (the flrst Lagrange point), at 1 AU from the Sun, 

the ACE (Advanced Composition Explorer) spacecraft is ideally suited for detailed 

studies of interstellar pickup He"*". ACE mission was launched on 25 August 1997, 

and subsequently placed on LI, ^ 1.5 • 10® km from the Earth on the Sun-Earth 

direction, after 115 days post launch. ACE crosses the helium focusing cone each 

year in late November - early December. Carrying nine instruments onboard, with 

Solar Wind Ion Composition Spectrometer (SWICS) among them, the spacecraft 

is designed to operate in a spin-stabilized mode at 5 rpm, with its spin axis aligned 

within 20° of the Earth-Sun direction. A detailed description of SWICS follows 

into the next Chapter. 



41 

CHAPTER 2 

INSTRUMENTATION 

The work in this thesis is based on data collected by the SWICS (Solar Wind 

Ion Composition Spectrometer) on ACE (Advanced Composition Explorer) space

craft. When needed, additional information obtained from the MAG (MAGne-

tometer instrument on ACE) and SWEPAM (Solar Wind Electron, Proton and 

Alpha Monitor) instruments is used. In this Chapter, SWICS instrument will be 

described. 

2.1 ACE/SWICS 

ACE was launched on August 25, 1997 and was injected into a halo orbit around 

the LI point on December 17, 1997 (Stone et al. 1998). Being one of a handful of 

points near the Earth that is stable, the Libration point LI allows the spacecraft 

to be relatively motionless when viewed from the Earth. Since the Earth is much 

smaller than the Sun, the LI point is very close to the Earth, but still well outside 

of the Earth's magnetosphere. 

While Ulysses mission travels on a trajectory around the Sun's poles, at dis

tances between 1.3 AU and 5.3 AU, ACE makes observations in the echptic plane 

from a vantage point at L 1 (lAU). The combination of data from both missions 

helped us achieve a stereoscopic view of the heliosphere, but most importantly, en

abled us to gain deeper knowledge about its structure and dynamics. Both space

craft carry onboard a SWICS instrument; SWICS on ACE (Gloeckler et al. 1998) 

is the improved flight spare of SWICS on Ulysses (Gloeckler et al. 1992). From 

now on, when we talk about SWICS, we mean SWICS on ACE. The sensor, which 

covers an energy per charge range from 0.5 to lOOkeV/e in ~ 12min, uses elec

trostatic analysis followed by a time-of-flight and an energy measurement. SWICS 

determines uniquely the elemental and ionic-charge composition of the solar wind 

as well as pickup ions, i.e species from the light H to the heavy Fe. 
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The observations made by SWICS have an impact on many areas of solar and 

heliospheric physics. In particular, they provide important (and unique by all 

means) information about: extent and causes of variations in the composition of 

the solar atmosphere; plasma processes in the solar wind; acceleration of particles 

in the solar wind; physics of the pickup processes of interstellar He in the solar 

wind; and spatial distribution and characteristics of sources of neutral matter in 

the inner heliosphere. 

2.2 Principle of Operation 

Using a combination of electrostatic deflection, post-acceleration, time-of-flight, and 

energy measurement (Gloeckler and Hsieh 1979), SWICS is capable of resolving 

elements in the mass range from 1 to 60 amu and their charge state composition. 

The principle of operation of SWICS is schematically shown in Figure 2.1, which 

illustrates the function of the five basic sensor's elements used (Gloeckler et al. 

1998). The chain of reactions is as follows: 

• Ions with kinetic energy E, mass M, and charge state Q, enter the sensor 

through a large-area, multi-slit collimator that selects proper entrance trajectories 

of the particles; 

• The electrostatic deflection analyzer serves both as a UV trap and an energy 

per charge (E/Q) filter, allowing only ions within a given energy per charge interval 

(determined by a stepped deflection voltage, V^) to enter the time-of-flight (TOF) 

versus energy system; 

• Ions are post-accelerated by a potential, Va (up to 30 kV), just before entering 

the time-of-flight versus energy system. For the majority of them, the energy they 

gain is sufficiently high to be adequately measured by the solid-state detectors (there 

are three of them), which typically have a ~ 30keV energy threshold. An energy 

measurement is required to determine the mass composition of an ion population, 

and ions with energies below ~ SOkeV must be accelerated if their mass is to be 

determined; 
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Figure 2.1: Schematic illustration of the measurement technique used in SWICS, 
showing the function of each of the five basic elements (from Gloeckler et al. 1998). 

• In the time-of-fiight (TOF) system, the ions first cross a thin carbon foil, 

triggering a start signal, then travel a distance d of 10 cm, and then hit a solid-

state detector, triggering a stop signal, from which the travel time r of the particle 

is derived; 

• Finally, the ions enter the silicon solid-state detector where their residual 

energy s is measured. 

The particle identification is completed by measuring the residual energy, s, of 

the ions in a conventional low-noise solid-state detector. The time-of-fiight, r, and 

measured energy, e, take the form: 

T = d/[2{Vd + Va- Vi)Q/MY/\ (2.1) 

£ = aQ{Vd + V^-Vi) = aM{dlrfl2. (2.2) 

Here, Vi accounts for a small energy loss of ions in the thin foil (carbon foil) of the 

start detector and a is the nuclear defect, or pulse height defect, in the solid-state 
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detector (Hsieh 1976; Ipavich et al. 1978). Vi was found to be roughly proportional 

to the ion energy in the range relevant to the solar wind, which in turn is mainly 

determined by Va, hence the expression as a potential (von Steiger et al. 2000). 

From simultaneous measurements of the time-of-flight, t, and residual energy, 

e, along with knowledge of E/Q and the post-acceleration voltage, Va, one can 

determine the mass, M, charge state, Q, incident energy, E, and incident speed, v, 

of each ion: 

M = 2{T / d)"^ {s / a), (2.3) 

Q  =  { s / a ) / { V d  +  V a - V i ) ,  (2.4) 

MIQ = 2{rldyiVd + Va-Vi), (2.5) 

E = QVd, (2.6) 

V = 439 [ { E / Q ) / { M / Q ) ] ' / \  (2.7) 

The velocity is expressed in units of km/s, when and M / Q  are in units of keV/e 

and amu/e, respectively. 

2.3 Description of SWICS 

The ACE observatory, a spinning spacecraft, has a cylindrical shape with its spin 

axis pointing within 20° of the Earth-Sun direction. SWICS is mounted on the 

flat. Sun-facing side; Figure 2.2 shows a photograph of the sensor. The SWICS 

bore-sight vector makes an angle of 34.5° with the spacecraft spin axis. 

The instrument uses a curved collimator which covers an angular sector of 82° x 

10°. Serration, black-coating, and light traps are used to eliminate reflection of 

visible and UV radiation into the TOF system. The colhmator has many slits; this 

configuration allows the upper energy limit of the analyzer system to be extended 
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Figure 2.2: Photograph of the SWICS instrument (Gloeckler et al. 1998). 

up to lOOkeV/e, while maintaining a reasonably large geometrical factor of 2 • 

10"^ cm^sr. The width of each individual channel in the collimator is such that 

limits the dispersion in the analyzer and the flight-path differences in the TOF 

system below 0.5% (Gloeckler et al. 1998). 

Ions enter the instrument through the collimator and their trajectories are bent 

by an electric potential as presented in Figure 2.1; the electron trajectory is bent in 

the opposite way, so that the electrons impact the walls, thus eliminated. Because 

photons are not affected by the electric potential, they move in straight lines and 

also hit the walls. Only ions of proper energy per charge are let go through the 

deflection analyzer. 

The deflection analyzer is stepped through a series of voltages during each in

strument cycle (12min), with the voltage (energy per charge) held fixed at each 
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Figure 2.3: Cross section of the time-of-fiight versus energy telescope, showing 
trajectories of secondary electrons emitted from the carbon foil (start), and solid-
state detector (stop; from Gloeckler et al. 1998). 

step for the duration of a single spacecraft rotation (12 s). The energy per charge 

is stepped logarithmically 60 times between 0.5 and lOOkeV/e with a resolution of 

6.4%. This means that, at any given voltage step, the analyzer passes ions that 

have equal (to within the 6.4%) energy per charge. These ions are then post-

accelerated and their mass, charge state, and energy are measured by the TOF 

versus E system, as described below. 

The TOF system accepts a wide range of velocities (or M / Q  ratios) simultane

ously, providing a very good time resolution and sensitivity. Also, the coincidence 

measurements used in the TOF system reduce the background level. Figure 2.3 

shows a cross section of the SWIGS TOF versus E assembly, consisting of a "start" 

and a "stop" detector 10 cm apart (the distance between the foil and the SSD). The 

surface material used for the start detector is a thin foil (1.5//g/cm^ carbon foil 

supported on a 86 % transmission nickel grid), and for the stop detector the gold 

front surface of the solid-state detector. When an ion enters a solid-state detector, 
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Figure 2.4: Ion counts accumulated over one day and plotted according to their mass 
and mass-per-charge derived from the Level 2 Data. The color coding indicates the 
number of measurements, while the crosses mark the nominal position of some 
species (see figure; courtesy of J. Raines). 

secondary electrons with energies of a few eV are released (Gloeckler and Hsieh 

1979). The secondary electrons from the start and stop detectors are accelerated 

to 1 kV, then deflected by a system of acceleration gaps and deflection surfaces 

(see Figure 2.3), and finally strike the respective micro channel plate (MCP) as

semblies, each of which consists of two rectangular MCPs in chevron arrangement 

(Wiza 1979). Ions are practically unaffected by the electric fields of the TOF as

sembly because of their higher energy. The path-length dispersion, Ad/d, for ions 

is negligible in the plane of Figure 2.3 and is less than 0.5 FWHM in the opposite 

direction (Gloeckler et al. 1998). In the TOF system, the speed of each ion is 

determined by measuring the travel time r between the start and stop detectors. 

The residual energy of the incident particle is measured by one of the three 
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rectangular solid-state detectors (SSD): two of them are ion-implant SSDs, whereas 

the one farthest off the spin axis is a surface-barrier SSD. An ion-implant SSD has 

a slightly lower energy threshold compared to a surface-barrier SSD. The operation 

of SSD is discussed briefly in Appendix C. A more detailed description of SWICS 

sensor can be found in Gloeckler et al. (1998). 

All ions are generally measured in triple coincidence (start, stop and energy 

measurement), thus suppressing the background to extreme low levels. Exceptions 

are protons and singly charged pickup ions that, in general, fall below the threshold 

of the energy detector (SSD). The number of ion species measured by SWICS is 

limited by its energy and time-of-flight resolution, but yet it amounts to nearly 40 

charge states of 10 elements: H, He, C, N, O, Ne, Mg, Si, S, and Fe. This is shown 

in Figure 2.4. 
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CHAPTER 3 

HELIUM CONE 

The interstellar neutral atoms that penetrate into the heliosphere are subject to 

several ionization processes that play a dual role: they are responsible for the shap

ing of the local distribution of neutrals inside the heliosphere, as well as determining 

the amount of pickup ions and other secondary components, such as energetic neu

tral atoms (ENAs). In this chapter, we will analyze and discuss the measurements 

of the He"*" pickup ion fluxes by the Solar Wind Ion Composition Spectrometer 

(SWICS) onboard Advanced Composition Explorer (ACE) spacecraft. We are par

ticularly interested in the flux measurements made while the spacecraft was passing 

through the He cone. In the end of this chapter, we will emphasize on the connec

tion between pickup ions and EN As (§ 3.7). 

In § 1.4, the reader was introduced to the fundamental importance of the subject 

that studies the local interstellar medium (LISM). Here, the journey continues, and 

we start with a brief overview on the methods of studying the LISM from within the 

heliosphere (§ 3.1), followed by a tour introducing the existing models of intersteflar 

He distribution in the heliosphere (§ 3.2). The mechanisms for generating He+ 

pickup ions are discussed in § 3.3, while the means of their detection by the He 

cone are put forth in § 3.4. Finally, in § 3.6, we discuss the results on our data 

analysis (§ 3.5) and their importance to the subject. 

3.1 Early Detection of Interstellar Gas in the Heliosphere 

Since the early 1970s, back-scattering of solar UV radiation was used to map the 

distribution of interstellar gas in the heliosphere (Lallement 1990 and references 

therein). This technique, however, is limited to the two most abundant species of 

the interstellar medium, hydrogen and helium. The observations of back-scatter 

HI 1216 A (Bertaux and Blamont 1971; Thomas and Krassa 1971) and He I 584 A 
(Weller and Meier 1974; ChassefiCTe et al. 1986) photons were used to derive LISM 
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parameters, but with relatively large error bars (Ajello 1978; Weller and Meier 

1981). The information on the neutral gas distribution is derived from an integral 

over the scattered light along the line of sight of the instrument. Thus, the spatial 

distribution has to be obtained by a de-convolution of the integral information 

obtained from snapshots in different directions. The intensity of the scattered light 

is also dependent on the intensity of the original solar UV, on the width and shape 

of the spectral line used, and on the relative velocity of the neutral gas with respect 

to the Sun. 

Over the last twenty years, the capabilities for studying the LISM have been 

very much improved by the newly developed in-situ techniques. The detection of 

He"*", H"*", N+, 0+, and Ne"*" interstellar pickup ions were reported by Mobius et 

al. (1985), Gloeckler et al. (1993), and Geiss et al. (1994). In addition to He, 

the density of H has been derived from pickup H"'" (Gloeckler et al. 1993), and the 

abundance of N, O, and Ne in the LISM has been inferred from N+, 0+, and Ne""" 

(Geiss et al. 1994; Gloeckler and Geiss 1998). These results made pickup ions a 

unique tool for studying the interstellar gas bulk parameters as well as the elemental 

and isotopic composition, provided that the pickup and transport processes from the 

original interstellar neutral gas population to the measured pickup ion distributions 

are fully understood (Mobius 1996). The measured energy spectrum of pickup ions 

depends directly on the product of the local neutral gas density and ionization 

rate along the spacecraft-Sun line. Therefore, the determination of the neutral gas 

density distribution and, thus the LISM parameters, involves the knowledge of the 

actual ionization rate. It is important to mention that the ionization rate plays 

a dual role for the pickup ion fluxes. It determines the interstellar gas density 

distribution in the vicinity of the Sun by destruction of the neutrals; it contributes 

to the production rate, and thus of the pickup ion flux (Mobius et al. 1995). 

The most detailed information about the interstellar flow can be obtained from 

direct observations of interstellar neutrals. Witte et al. (1993, 1996, 2004) reported 

on the first detection of interstellar helium atoms. These observations were made 
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with GAS instrument onboard Ulysses (Witte et al. 1992). They provided precise 

temperature and bulk flow values for the LISM helium (see Table 3.1). Compared 

with the two other methods presented above , this measurement requires the fewest 

assumptions. It allows the direct determination of the neutral gas velocity and the 

local neutral gas density. Due to the local nature of the data collection, it can only 

provide data points along the spacecraft trajectory. Also, the method is currently 

limited to helium. 

In-Situ Pickup Ions Pickup Ions Neutral Atoms 
Methods AMPTE/SULEICA SWICS Ulysses/GAS 

nue (cm"^) 0.009 - 0.012 0.0151 ±0.0015 
(Ulysses) 

0.014-0.017 

THe (K) 4800 - 7200 7850 ± 550; 9900 ± 500 6300 ± 430 

Vrel (km/s) 23 - 30.5 
(ACE) 

26.3 ±0.4 

Remote Sensing UV Scattering UV Scattering UV Absorption 
Methods He H (non-local) 

n-Ee (cm"^) 0.015-0.02 0.0055 - 0.0145 -

THe (K) 16000 8000 7000 ± 200 
Vrei (km/s) 2 4 - 3 0  1 9 - 2 4  25.7 ± 1.0 

Table 3.1: Summary of parameters of interstellar helium based on observations 
(adopted from Mobius 2000, and updated). 

A compilation of the physical parameters of interstellar He, as obtained by 

different observational methods, is presented in Table 3.1 (adopted from Mobius 

2000, and updated). The table is divided into two groups based on the observational 

method used: in-situ observations, i.e. direct detection of the neutral atoms or 

their pickup ions in the solar wind; and remote sensing observations, i.e. resonant 

scattering of solar UV radiation from gas inside the heliosphere or line absorption 

of stellar UV. Since there is no, or very weak, coupling of helium with the plasma 

before entering the heliosphere (see Chapter 1, § 1.5), these parameters are identical 

to the velocity, temperature, and number density of helium beyond the termination 
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shock and hehopause. 

Each of these observations and methods have their own strengths and weak

nesses. Ideally, observations by different means should complement each other. 

To seek such complementarity is, indeed, the aim of the coordinated observational 

(optical, pickup ion, and neutral atom) campaign for interstellar helium supported 

through a Scientific Team at the International Space Science Institute (Mobius 

2000). In this campaign, instruments on Ulysses, SoHO, Wind, ACE, EUVE, No

zomi, Geotail, and IMAGE missions are participating. 

3.2 Models of Interstellar He Distribution in the Helio-
sphere 

The spatial distribution of interstellar He within the heliosphere is fairly well un

derstood once the gas passes the termination shock (TS). The "hot" kinetic model 

(Fahr 1971; Thomas 1978; Rucihski and Fahr 1989) uses the following input pa

rameters: kinetic gas temperature, appropriate ionization (loss) rate for removing 

neutrals by ionization, and fi, the ratio of solar radiation pressure to solar gravita

tional force acting on the penetrating neutrals. From these three parameters, the 

uncertainties in the loss rate will have the greatest effect on the spatial distribution 

of interstellar He. Because the He loss rate is small (< 2 x 10"'^ s~^), the He density 

will be as high as 90% of its interstellar value at distances of ~ 5 AU from the Sun 

(Gloeckler 1996). 

Unlike H and O, the filtration process discussed in Chapter 1, § 1.5, is unim

portant for He. Since solar radiation pressure is insignificant compared to solar 

gravity {n = 0) and because the temperature plays only a minor role, the so-called 

"cold" model is a good approximation for He (Fahr 1968; Holzer 1970). This model 

is based on the Keplerian trajectories of a cold interstellar gas passing through the 

heliosphere under the action of ionization processes. 
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3.3 Mechanisms for Generation of He+ Pickup Ions 

The He^ pickup ion population originates from photoionization, electron-impact 

ionization, and charge-exchange ionization of interstellar helium from the following 

reactions: 

He + hu—>He+ + e,  (3.1) 

He + e He^ + 2e, (3.2) 

He + p —^ He+ + H, (3.3) 

He + a—>He+ + He+. (3.4) 

At the left-hand side of these reactions, He denotes the interstellar neutral atom, 

hu the solar UV radiation, e the interplanetary electron, p the solar-wind protons, 

and a the solar-wind alpha particles. At the right-hand side of each reaction, the 

first He~^ is the newborn pickup ion. The H in Eq. 3.3 keeps the original solar 

wind speed, but is no longer bound to the solar wind flow, while the second He^ 

in Eq. 3.4 remains in the solar wind. 

By far, solar photoionization Eq. (3.1) has the largest contribution to the total 

ionization rate, with a value of ~ 1.0 x 10"'^ s~^ at 1 AU (Rucinski et al. 1998). 

The rates for charge exchange, Eq. (3.3) and Eq. (3.4), are much lower than the 

UV ionization close to the Sun; the charge exchange adds only a few percent to 

the total ionization rate (Rucinski et al. 1996). Both charge exchange and UV 

ionization rates varies like l/r^ with the heliocentric distance r from the Sun. 

Contrary to UV ionization and charge exchange, electron impact ionization 

Eq. (3.2), does not vary as 1/r^. The electron ionization rate depends strongly on 

the actual distribution function of the electrons in the interplanetary space, which 

varies greatly with solar wind conditions and distance from the Sun. Feldman et 

al. (1995) showed that during occurrences of strong, interplanetary coronal mass 
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ejection (ICME)-driven shock waves near 1AU, electron impact ionization can make 

substantial, if not dominating, contributions to interstellar neutral ionization rates 

in the regions downstream of the shocks. It was estimated that the electron impact 

rate at lAU is ~ 1.1 x 10"^ s~^ at quiet times (Rucinski et al. 1998). Early on, 

Rucinski and Fahr (1989, 1991) recognized through modeling that inside 1 AU the 

rate of electron impact ionization could be a significant fraction of the UV ionization 

rate and at times may exceed it in the immediate solar proximity (inside ~ 1 AU). 

The increasing importance of electron impact ionization close to the Sun makes it 

a key player for the evaluation of the He cone close to the Sun and for pickup ion 

measurements inside 1 AU. 

3.4 The He Cone and its Detection 

As the Sun moves through the LISM, a breeze of interstellar neutrals blows into 

the heliosphere. In their journey through the heliosphere, the trajectories of the 

interstellar neutrals are only influenced by Sun's gravity and radiation. Except for 

hydrogen, where the radiation pressure is important, the Keplerian trajectories of 

the atoms in the solar gravitational field determine a cone with a substantial density 

increase of interstellar atoms on the downwind side. The density increase and the 

width of the cone depend sensitively on the temperature and relative velocity of 

the interstellar gas cloud as well as on the mass of the species. There is such a 

density enhancement of interstellar helium, called the He focusing cone, with the 

base near the Sun and its peak pointing in the opposite direction of the incoming 

interstellar breeze (see Figure 3.1). The He cone generally extends from the Sun to 

several AU, beyond the orbit of Jupiter (McComas et al. 2004), with a significant 

density enhancement around 1 AU. 

On their way towards the Sun, the interstellar helium is ionized by either photo-

ionization by solar UV radiation with A < 504 A, charge exchange with solar wind 

ions, or impact ionization by solar electrons. Because He has the highest first 

ionization potential (24.6 eV) among all the dominant atomic species, most of the 
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Figure 3.1: Schematic picture of the He focusing cone (www.americanscientist.org). 

interstellar He reach lAU without being ionized (Siscoe and Mukherjee 1972). 

The gravitationally enhanced concentration of interstellar He atoms in the He cone 

becomes the dominant local source of pickup ions. 

The He focusing cone was first detected by He 1584 A back-scattering observa

tions of neutral interstellar gas (Weller and Meier 1974), and it was interpreted in 

terms of the inflowing gas kinematics by Fahr et al. (1978). In 1984, He"*" pickup 

ions were discovered (Mobius et al. 1985) with the SULEICA instrument onboard 

AMPTE mission (Hausler et al. 1985), orbiting around the Earth. Also, SULEICA 

made the first scan of the cone in 1984 and 1985, near solar minimum, but because 

the AMPTE spacecraft spent a limited time in the interplanetary space beyond the 

Earth's bow shock, the data were limited. 

In 1998, observations of He+ pickup ions in the helium cone were possible again 

with the SWICS instrument (Gloeckler et al. 1997) onboard ACE spacecraft (Stone 

et al. 1998). ACE orbits at the Libration point L1 about 200 Earth radii upstream 

from Earth, and it is always in the interplanetary space; thus ACE provides nearly 

continuous coverage of interstellar He"'". ACE crosses the He cone once every year 

(Figure 3.1), with a maximum pickup He flux observed around December 5 of 

each year. The shapes of the the pickup He"*" spectra, the maximum intensity, 

and the time profiles of the pickup He"*" fluxes in the yearly cone peaks depend 

http://www.americanscientist.org
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on the physical properties of He atoms in the LISM (i.e. number density, velocity 

relative to the Sun, and kinetic gas temperature) and on ionization processes in the 

heliosphere, which most likely have spatial and solar cycle variations (Rucihski et 

al. 2003). 

The dimensions of the cone depend on the inflow velocity and temperature of 

the neutral gas. A lower density increase in the center of the cone translates into 

a higher temperature of the gas and a wider cone structure into a lower relative 

velocity with respect to the Sun. The angular coordinates of the cone axis are 

—5.6° ± 0.4° latitude below the ecliptic and 73.9° ± 0.8° ecliptic longitude (Witte 

et al. 1996). 

3.5 Data Analysis 

The data presented in this chapter were obtained with the Solar Wind Ion Com

position Spectrometer (SWICS) onboard Advanced Composition Explorer (ACE) 

spacecraft. SWICS measures the intensity of solar wind particles and suprathermal 

ions as  a  function of their  energy per  charge {E/Q),  mass (M),  and charge s tate (Q),  

from 0.49 keV/e to 100 keV/e. SWICS consists of a collimator, electrostatic ana

lyzer, post acceleration stage, time-of-flight system and an energy-resolving solid-

state detector. For more details on the SWICS instrument see Chapter 2. 

For presenting and discussing pickup ion results, it has become customary to 

relate v, the speed of the incoming ion, to Vg^, the solar wind speed measured at 

that time. We thus introduce 

w = -^, (3.5) 
'^sw 

the relative speed in the reference frame of the spacecraft. 

The entire velocity range of observed ionic distribution functions is covered in 60 

spins of the spacecraft, i.e. once every 12 minutes. Thus, the solar-wind speed can 

be determined once every 12 minutes. This enables the identification and coverage 

of the He"*" pickup ion distribution from just below the solar wind speed («; < 1) to 

far beyond the high cut-off speed, i.e. « 10 at quiet solar-wind conditions. 
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3.5.1 Why Use DC Technique? 

Because of their low energies, He+ pickup ions can not trigger the solid-state de

tector (SSD) at quiet solar wind conditions. In this case, the double coincidence 

(DC) technique is used. A double coincidence event occurs when a He"*" ion passing 

through the instrument produces only a start and a stop signal for time-of-fiight 

(TOF) analysis. In this study, we are interested in He""" pickup ions which corre

spond to w < 2. At quiet solar wind conditions ~ 400 km/s), this translates 

to a kinetic energy of ~ 11 keV. Having in mind that the ion is post accelerated 

by a 25 kV potential, the ion energy when entering the SSD is < 36 keV. This is 

quite close to the SSD threshold, ~ 35 keV, meaning that the probability of having 

a triple coincidence (TC event) is almost zero. In this case, only TOF or DC data 

are useful. 

3.5.2 Prioritization Scheme 

The m versus m/q field is parceled into three regions as shown in Figure 3.2, where 

m (channels) and m/q (channels) are the relevant counterparts of the physical 

quantities M (amu) and M/Q (amu/e), but expressed in terms of channels of the 

detector. The relations to the real physical quantities are: 

125.50089 ^ (3.6) 

M/Q = ei-^h-l-) l34.59577_ (37^ 

Below is given a more detailed description of these regions: 

• Range 0: m G [1,57] and m/q G [0,123], also m = 0 and m/q G [0,41]. 

Protons and a particles are detected here. He"*" pickup ions can be found here only 

if they have enough energy to trigger the SSD (TC event). 

• Range 1: m G [58,123] and m/q G [0,123]. Here are placed all the heavy 

species of the solar wind. 

• Range 2: m = 0 and m/q G [42,123]. This is the so-called "pickup ion" 

region, the one that is used in our study. 
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Solar wind protons and helium (Range 0) are much more abundant then pickup 

ions. With the telemetry being limited, not all measurements made by SWICS are 

assigned equal priority. Since measurements of pickup ions with w < 2 is of great 

interest, the highest priority for telemetry is given to DC pickup ions (Range 2). In 

other words, a prioritization scheme is implemented and used for data transmission, 

which must be corrected for when processing the data. 
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Figure 3.2: The three regions which parcel the m versus m/q field. For w < 2,  the 
He"^ pickup ions are expected to show up in Range 2. 

3.5.3 Selection of He+ from Data 

Figure 3.3 (upper panel) presents the number of counts of DC events for M/Q from 

3.3 to 8 amu/e (Range 2). The well-defined peak centered at M/Q = 4amu/e 

Range 1 

Range 0 

^Range 2 
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Figure 3.3: Count distributions with and without the sun-sectors for a quiet day, 
DOY 169 of 1999. Upper panel: Number of counts of DC events (Range 2) accu
mulated over 24 hours; all eight sectors are considered . Lower panel: The same 
as the above, only that the sun-sectors are excluded. The DC events with M/Q 
between 3.8 and 4.2 amu/e (between the vertical lines) are considered He"*" pickup 
ions. 
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represents He+ pickup ions. One can notice that the noise level in the data is quite 

high. We reduced the noise level by excluding the sun-sectors from the data. A 

complete spin of the spacecraft (12 s) is divided into 8 sectors, from 0 to 7. This 

technique is used to determine the particle direction of motion prior to entering 

the detector. Sectors 5 and 6 are the sectors in the Sun-ward direction, so-called 

sun-sectors. The number of DC counts in the sun-sectors are an order of magnitude 

larger than the ones in the rest of the sectors, as can be seen in Figure 3.3. This is 

due, mostly, to the accidental coincidences. At times with high fluxes of particles 

(i.e. in the sun-sectors), it is possible for a particle to trigger a start signal and 

another particle to produce a stop signal, with both signals separated by a time 

interval equal to, for example, the TOF of a He"*" ion. Thus, the detector registers 

the above DC event as a He"*" ion; an accidental coincidence event just happened. 

By excluding the sun-sectors from our analysis, we eliminate much of the noise due 

to the accidental coincidences, and also the majority of DC events with M/Q = 

4amu/e of solar origin (Fe^^^, Si^"*", etc). The result of this analysis is shown in 

the lower panel of Figure 3.3. This represents the same data as in the top panel, 

except for the DC counts from the sun-sectors. The DC events with M/Q between 

3.8 and 4.2 amu/e are considered He"*" pickup ions. 

3.5.4 Daily Averages 

In our study, we use daily averages of the pickup He"*" rate accumulated over the 

interval from 1.3 to 1.7 w. We choose this interval because of the low noise con

tamination, as can be seen in Figure 3.4. On a quiet day (upper panel), the con

tamination from protons and alpha particles in the chosen interval is practically 

absent, whereas on a day with enhanced solar activity the contamination level is 

< 10%. Perhaps a slightly better choice would have been the interval from 1.4 to 

1.8(Gloeckler, private communication). 

In general, the region corresponding to w < 0.8 is completely contaminated by 

the proton and alpha-particle spillovers, thus unusable in practice. Furthermore, the 

He"*" spectrum around u; = 1 may be biased by contributions of solar wind particles 



61 

10000F 

g 1000 

Pickup He speed over solar wind s 
10000 

1000 

1 
Pickup He"^ speed over solar wind speed 

Figure 3.4: The noise contamination of daily averages for quiet and enhanced solar 
activity. Upper panel: He+ counts versus w on DOY 265 of 1998 with relatively 
calm solar-wind conditions. The high level of counts below w = 0.8 is due to the 
spillovers of protons and a particles. Lower panel: On a day with slightly enhanced 
solar activity (DOY 360 of 1998), the spillovers represent ~ 10% of the He+ counts 
in the 1.3 — l.lw interval (the region between the vertical hnes). 
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with M/Q = 4amu/e, such as Si"'"'^, as well as O"*"® and For 

the above reasons, we chose not to use the part of the spectrum corresponding to 

w < 1.3. We also ignore the part of the spectrum right before w = 2, since the cutoff 

can occur for values smaller or larger than w = 2, depending on the orientation 

of the magnetic field (Mobius et al. 1998) and/or on the solar-wind velocity along 

with the spacecraft position, upstream or downstream of the Sun (Mobius et al. 

1999). 

3.6 Results and Discussions 

The total number of He+ counts between w ~ 1 and 2 is calculated on a 

daily basis from 1998 through 2002. At the end, a 9-point (day) running average 

of the daily counting rates is taken in the range 1.3 < -u; < 1.8. This procedure 

reduces the day-to-day variations, yet allowing to preserve the structure of the 

helium cone. The result of this analysis is presented in Figure 3.5. This shows 

clearly the five crossings of the He cone and the variations due to solar activity. 

The diamonds represent the He+ running averages and the solid line is the Gaussian 

fit. For the first time, five consecutive crossings from 1998 (leaving solar minimum) 

to 2002 (passing solar maximum) of the focusing He cone are observed with the 

same instrument, covering a significant portion of the current solar cycle. 

The nature of the day-to-day variability is not well understood, although several 

causes have been suggested, such as: depletion of pickup ions in the anti-sunward 

part of the distribution (for u* > 1) during time periods of radial interplanetary 

magnetic field (Gloeckler et al. 1995, Mobius et al. 1998), variations in the cutoff 

of the He+ spectra due to the non-zero inflow speed of neutral helium (Chalov 

and Fahr 2000, Mobius et al. 1999), and variations due to solar wind compression 

regions (Saul et al. 2002). We suggest that the observed temporal and spatial 

variations in the pickup ion (PUT) flux are most likely due to factors related to the 

Sun than to changes in the local interstellar medium. The likelihood of interstellar 

variations is ruled out by considering the relevant spatial and time scales. The 
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Figure 3.5: Five crossings of the He"*" cone as seen by ACE/SWICS. The diamonds 
represent the He"*" running averages of daily count rates in the 1.3 < w < 1.8 
interval, while the solid line is the Gaussian fit. 

production of PUI from interstellar neutral atoms takes two steps: the interstellar 

neutral atoms must first survive their journey to the inner heliosphere, and then 

be ionized either by solar photons, solar-wind ions or energetic solar electrons. The 

He"*" PUI observed by ACE are produced inside 1AU. At a speed of 25 km/s, it takes 

15 — 20 years, depending how far the heliopause is located, for an interstellar neutral 

He to reach this inner region. Thus, the concentration of these atoms has been 

modified by at least one solar cycle of variation in the ionization rate in all three 

ionization processes. Superimposed on this are variations in ionization rate due to 

solar-wind ions and energetic solar electrons that have even shorter characteristic 

times, such as 26 days. Between ionization of these surviving interstellar neutrals, 
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i.e. becoming PUI, inside 1AU and their detection at 1AU, ~ 2 days, the PUI 

flux can carry signatures of time scales even less then 1 day due to varying solar 

electron fluxes (Rucihski and Fahr 1989). Note also that the amplitude in the LISM 

density fluctuations occurring on a time-scale of one year is very small (Armstrong 

et al. 1995). This is inferred from an analysis of interstellar scintillations which are 

caused by fluctuations in the amplitude and phase of radio waves due to scattering 

in the interstehar medium. This type of analysis is an important diagnostic tool 

for probing the physical properties of interstellar plasma and turbulence. From 

all of the above, we conclude that the observed variability of PUI fluxes is due to 

small-scale spatial variations in the ionization rate rather than to changes in the 

LISM. 

The average number of counts at the peaks (cone crossings) and the number of 

counts between the cone crossings show long-term variations. They are likely due 

to solar cycle related variations in the ionization rates. 

The position of the He-cone peak gives the solar echptic longitude of the direc

tion of the interstellar wind flow (see Figure 3.6, upper panel). This is the only 

interstellar parameter that can be obtained reliably and independently from pickup 

helium measurements of the cone profile. From the average position of the five 

He cone crossings, we obtain an ecliptic longitude of 75°.3 ± 3°.4. This is in good 

agreement with values derived from direct observations of neutral He with Ulysses 

(74°.8 ± 0°.6; Witte et al. 2002). 

The helium focusing cone varies with the solar cycle, as can be inferred from 

Figure 3.5. A better illustration of this variation is shown in Figure 3.7, where the 

monthly-averaged number of sunspots, along with the area under the He"^ peaks 

from Figure 3.5 are plotted versus time. It is well established that the number 

of sunspots rises as the solar activity progresses from minimum to maximum (see 

Chapter 1). In Figure 3.7, there is a good correlation between the area under the 

He"'" peaks and the sunspot number: the more advanced the solar activity, the 

smaller the area under the He+ cone. Furthermore, the He"*" cone width also varies 
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Figure 3.6: Upper panel:  The solar ecliptic longitude of the direction of the inter
stellar wind flow versus time. Lower panel: Variation of the width of the cone over 
the solar cycle. 
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with the solar cycle: the cone has the largest width at solar minimum and, as the ac

tivity increases toward solar maximum, the width is getting smaller (see lower panel 

of Figure 3.6), reaching its smallest value at solar maximum, 2001. We suggest that 

the most likely cause of this variations is time-dependent changes in the ionization 

rate for He. The development of the time-dependent, three-dimensional model (not 

available so far) of the helium cone is required to explain these observational results 

in detail. 

It is known that the solar flux at 584 A increases with solar activity. This is 

illustrated in Figure 3.8. The UV flux short-ward of 304 A also increases with solar 

cycle (Lallement et al. 2004), and therefore the photoionization rate increases too 

(McMullin, private communication). Because of both the intensity of the cone glow 

at 584 A (Lallement et al. 2004) and the total number of pickup He"*" in the He cone 

decreases with the solar activity (see Figure 3.8), one can conclude that the number 

of interstellar He in the cone is anti-correlated with the solar activity. This makes 

sense because toward solar maximum the ionization rate grows, meaning that less 

interstellar He will make it to the cone, with the rest being ionized on the way to 

the inner heliosphere. 

After considering all of the above and keeping in mind that the He atoms are 

predominantly ionized by solar UV radiation (Rucinski et al. 1996), one would 

expect a direct correlation of the area under the pickup He"^ cone and the solar flux 

at 584 A. However, this is not supported by our observations, as seen in Figure 3.8. 

We believe that, the reason may be in the rate of electron-impact ionization pre

dicted by Rucinski and Fahr (1989), and thought to be very important inside 1AU 

(Michels et al. 2002), especially closer to the Sun. Is such an explanation plausible? 

In the first place, the electron-impact ionization rates are very uncertain. Secondly, 

the electron temperature and its dependence with distance from the Sun are poorly 

known. The temperature has a large influence on the ionization rates since the 

electron impact cross-section depends on the electron velocity, i.e. electron temper

ature. As summarized in Chapter 1, the higher the solar activity, the more variable 



67 

200 

150 

100  -

a s 
20 ^ 

73 
30 (= 

3 

1998 2002 1999 2000 

20 30 40 
Month Since Jan 1998 

Figure 3.7: Monthly average of the sunspot number and the area under the He"*" 
cone between 1998 and 2002. 

the solar wind that is characterized by a higher electron temperature than the fast 

wind (see Table 1.1). Therefore, the electron-impact rate is also highly variable 

with the solar cycle. 

We conclude that the electron impact ionization plays an important role inside 

lAU. The radial dependence of the electron ionization rate, however, is not well 

established, especially in the inner hehosphere (< 0.5 AU). 

The work we presented here is by no means complete: we do not have all the 

answers posed by observations, and the features that we see in our results require 

further investigation (Moise et al. 2003). We would like to point out that the 

study of the helium cone is a very involved subject. As mentioned in § 3.1, there is 

an entire international campaign dedicated to study primarily interstellar helium. 
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Figure 3.8: The average 584 A solar flux and the area under the He"*" peaks 
against time. The mean solar flux is provided courtesy of W. Kent Toshoba and 
SpaceWx.com. 

Even though there are many unresolved questions, we made a step further towards 

a better understanding of the overall picture of the physical processes related to 

this subject. 

3.7 Energetic Neutral Atoms (ENAs) 

Heliospheric ENAs and pickup ions are born from charge-exchange processes be

tween energetic ions and background interstellar atoms. The dominant processes 

for H and He are; 

p + H ^  H + H+, (3.8) 
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p + He —>H + He+, (3.9) 

He+ + H —> He+ H^ (3.10) 

He+ + He—v H e  +  H e ^ .  (3.11) 

On the left-hand side of these reactions, p denotes the solar-wind protons, H and 

He the interstellar neutral hydrogen and helium, respectively, and He^ the helium 

pickup ions. On the right-hand side of each reaction, H and He are the ener

getic neutral hydrogen and helium, respectively, while H^ and are pickup 

ions. For ENAs with energies > 20KeV/amu in the heliosphere, the energetic ions 

include anomalous cosmic rays in the heliosheath and pickup ions accelerated at 

interplanetary shocks (see Chapter 4). Since ENAs can traverse the vast space of 

the heliosphere unaffected by electric and magnetic fields, they provide a unique 

access to the global view we seek (Hsieh et al. 1992; Hsieh et al. 2000). ENA 

imaging, a relatively new technique, has the power to make a distinction between 

space varying and time varying phenomena, a weakness of the in-situ observations. 

The ENA fluxes are relatively weak, making the instrument technology and the 

data analysis a non-trivial task. The first detection of heliospheric energetic H 

atoms was reported by Hilchenbach et al. (1998). Shaw et al. (2000) reported on 

a possible detection of energetic neutral helium (ENHe) of probable heliospheric 

origin. The observations were made with the HSTOF (High-Energy Suprathermal 

Time of Flight sensor) instrument onboard SoHO (Solar and Heliospheric Obser

vatory) at 1AU (Hovestadt et al. 1995). In this study, it was suggested that the 

origin of the ENHe detected is due to the interaction between corotating interac

tion regions (CIRs) and the He cone. In future, we plan to use the He"*" data taken 

by the ACE/SWICS in order to make ENA predictions and compare them with 

the available ENA data. We intend to use solar-cycle dependent He"*" pickup ion 

intensities observed in the He cone to construct the time varying distribution of 
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LISM He in the inner heliosphere for the production of ENHe from CIR and coro

nal mass ejection (CME) ions in different times of a solar cycle. We would like to 

compare the anisotropy of ENHe produced by models with ENHe observations by 

HSTOF/SOHO. 
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CHAPTER 4 

ACCELERATION OF HE+ PICKUP IONS AT 

ICME-DRIVEN SHOCKS 

So far, we investigated the spectra of He"'" pickup ions for w <2,  with w  being 

the ratio of the ion speed and the solar-wind speed in the spacecraft reference sys

tem. As discussed in § 1.5, the distribution function of pickup ions falls sharply at 

w ^ 2 ior quiet solar wind conditions. What happens when pickup ions encounter 

transient phenomena in the interplanetary space, like ICME (Interplanetary Coro

nal Mass Ejection) driven shocks? Figure 4.1 reveals the answer: pickup ions are 

accelerated and their distribution develops a suprathermal tail (the portion of their 

spectrum that corresponds to w > 2). In this chapter, we will investigate the 

acceleration of He+ pickup ions at ICME-driven shocks. 
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Figure 4.1: An example of He"*" spectrum affected by an ICME-driven shock. The 
spectrum is a result of 6 hours of accumulation time after the shock hit ACE space
craft on October 21, 2001. 
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First, the reader will be acquainted with the energetic particles in the helio-

sphere, especially ACRs and how pickup ions are related to them (in § 4.1). Then, 

the transient phenomena in the interplanetary space will be presented (in § 4.2), 

with an emphasis on ICMEs. The Alfven waves and their interaction with the solar-

wind flow wind will be discussed in § 4.3, followed by a brief overview on shocks 

in the hehosphere (in § 4.4), their basic parameters (§ 4.4.1), and jump conditions 

(§ 4.4.2). We will review our current understanding on the acceleration processes at 

collisionless shocks in § 4.5. Intimately connected with the acceleration of particles 

is their spatial transport throughout the hehosphere, as will be discussed in § 4.5.3. 

While the processes of charged particle acceleration and transport at high energies 

are well established, the initial acceleration of pickup ions is yet under investigation, 

and so, our understanding is less advanced. Finally, in § 4.6 we present the results 

of our data analysis on He"*" pickup ion acceleration by ICME-driven shocks, and 

we discuss how consistent these results are with the theoretical predictions. 

4.1 Energetic Particles in the Heliosphere 

The heliosphere contains various populations of energetic particles originating from 

different sources. The heliosphere is immersed in an ocean of Galactic and extra-

galactic cosmic rays, covering a huge interval of kinetic energy from keV/nuc to 

TeV/nuc (see Fichtner 2001 and the references therein). In early 1970s, it was dis

covered that there are considerable enhancements of particle flux at energies around 

10 — lOOMeV/nuc (Garcia-Munoz et al. 1973; Hovestadt et al. 1973; Teegarden et 

al. 1973; McDonald et al. 1974). These particles were named anomalous compo

nent of cosmic rays (ACRs). The ACRs are predominantly singly ionized particles 

(see Jokipii 1996 for a discussion of multiply ionized ACRs). It is now believed 

that ACRs are comprised of fluxes of singly ionized helium, neon, argon, nitrogen, 

oxygen, and hydrogen (Klecker 1995). Fisk et al. (1974) proposed that the ACRs 

originate from interstellar neutrals that are swept into the heliosphere by the motion 

of the Sun relative to the local interstellar medium. Once in the heliosphere, the 
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interstellar neutrals are ionized by photoionization and charge exchange processes 

to become pickup ions (PUIs), and are then convected outward by the solar wind 

into the outer heliosphere. Pesses et al. (1981) pointed out that many features 

of the ACRs can be explained if one assumes that the acceleration of pickup ions 

occurs at the termination shock (TS) of the solar wind, by means of diffusive shock 

acceleration. The energization of particles is believed to result from wave-particle 

interactions via a two-step process. First, as a consequence of momentum diffusion 

and/or energization at traveling shocks in the solar wind (to be discussed in detail 

in § 4.5), pickup ions are pre-accelerated during their transport towards the TS 

(Giacalone et al. 1997). Second, at the TS, the main acceleration takes place as 

the particles repeatedly cross the shock front due to convection and spatial diffusion 

(Jokipii 1996). After sufficient acceleration, the PUIs become ACRs. The ACRs 

continue their journey by leaving the TS and showing up as low-energy enhance

ment in the cosmic ray spectra. Some of the ACRs are transported outward into 

the heliosheath, as well as those PUIs not affected by the TS. In their transport in 

the heliosheath, these ions could exchange charges with interstellar neutral atoms. 

As a result, a significant amount of energetic neutral atoms (ENAs) with kinetic 

energies between 10 and 300keV/nuc are produced. Those ENAs that leave the 

heliosheath towards the Sun are considered a valuable diagnostic tool for probing 

the heliospheric interface region, as first discussed by Hsieh et al. (1992). 

While the pre-acceleration of pickup ions is observationally confirmed, its fun

damental cause is still under debate. It is not yet clear whether this is due to first 

or second-order Fermi process (to be discussed in § 4.5), a combination of both, 

or a so-called shock-surfing or multiply reflected ion mechanism. Furthermore, for 

the case of second-order Fermi acceleration, it is still difficult to determine which 

waves are mainly responsible for the momentum transfer, i.e., whether transit-time 

damping of fast magnetosonic waves (Fisk 1976; Schwadron et al. 1996) or Landau 

damping of Alfven waves gives the dominant contribution. 
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4.2 Transient Phenomena in the Interplanetary Space 

The most spectacular transient events in the interplanetary medium are the so-

called coronal mass ejections (CMEs). Forbes (2000) defines CMEs as large-scale 

ejections of mass and magnetic flux from the lower corona into the interplanetary 

medium. Measurements from coronographs and spacecraft show that a typical 

CME injects roughly 10^^ Wb of magnetic flux and 10^® g of solar plasma into the 

interplanetary space (Goshng 1990). The rate at which CMEs occur varies by 

more than an order of magnitude over the solar cycle. It is estimated (Gosling 

and Forsyth 2001) that the CME rate is ~ 3.5 events per day near solar activity 

maximum and ~ 0.1 events per day near solar minimum. 

Figure 4.2; Schematic picture of a possible geometry of a travehng ICME and 
associated morphological features, like: shock wave, pile-up of ambient material, 
etc. (from Bame et al. 1979). 

HEATED 8 COMPRESSED 
AMBIENT PLASMA 

SHOCK WAVE 

N-SPIKE SHELL 
TANGENTIAL 
DISCONTINUITY 

LUMPY DISTRIBUTION 
OF HELIUM ENRICHED 
PLASMA 

LOWEST STAGE T-DEPRESSION 
IN CLOSED MAGNETIC BUBBLE 

HELIUM ENRICHED PLASMA EXTENDING 
BEYOND LOWEST STAGE T-DEPRESSION 

SUN 



75 

CMEs are the sources of major transient solar wind disturbances, gradual solar 

energetic particle events, Forbush decreases in cosmic ray intensity, and large non

recurrent geomagnetic storms (Gosling 2000). Also, as illustrated in Figure 4.2, 

CMEs are associated with outward propagating interplanetary shock waves (ICME-

driven shock waves). The ejected material acts as a piston moving in the ambient 

solar wind; the latter is 'snow-plowed' by the fast piston of ejected solar material. 

Eventually, a traveling shock is formed ahead of the piston. 

The structure of an ICME-driven shock is shown schematically in Figure 4.2. 

In the case of major disturbances, the structure expands on a broad front, with its 

shape being approximately half a circle with radius from 0.5 to 1AU when arriving 

at Earth (Gombosi 1998). Behind the shock, a discontinuity is formed between the 

compressed ambient plasma and the material of the driving plasma. Many traveling 

fast shock waves observed at 1 AU are caused by ICMEs. These shocks could be 

followed by a region filled with plasma or somewhat different elemental composition 

compared to the ambient solar wind plasma. 

4.3 Waves in the Heliosphere 

Waves play a major role in the dynamics of the solar wind plasma. There are waves 

that are launched from the Sun into the solar wind flow along the open field lines 

of the Parker spiral, and there are also waves that originate from within the solar 

wind. 

If a small perturbation occurs in an ordinary non-magnetized fluid, this pertur

bation will propagate in the fluid as a compressional sound wave. Small-amplitude 

sound waves in a non-magnetic medium can propagate without change of shape, 

but when the wave possesses a finite amplitude, so that nonlinear effects become 

important, the crest of the sound wave moves faster than its leading or trailing 

edge, causing a progressive steepening. Ultimately, a steady acoustic shock-wave 

may be attained when the gradients become so large that dissipation effects become 

important. The effect of passage of a shock wave is to compress and heat the fluid. 
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In the presence of magnetic field, i.e. in the case of the heliosphere, a pertur

bation can propagate more wave modes than in ordinary fluids. It was shown by 

Alfven (1942) that the linearized ideal magneto-hydrodynamic (MHD) equations in 

an infinite fluid medium lead to three plane waves, classified as slow, intermediate 

(or Alfven), and fast, according to their phase speed. The slow and fast magnetoa-

coustic waves are compressive (just like the sound waves), while the intermediate 

(Alfven) mode is transverse. Hence, both the slow and fast modes can steepen to 

form shock waves in supersonic MHD flows, like the solar wind. The phase speed 

of the Alfven mode is given by 

4h = vicos^e, (4.1) 

where va = \B\/ is the Alfven speed and 9 is the angle between the wave 

vector k and the magnetic field B. In a moving plasma, like the solar wind, the phase 

speed is Vph = •:^VACOS9 + VSW (where Vgw is the solar wind speed). The Alfven waves 

are purely transverse waves;  the velocity perturbation is  perpendicular  to both B 

and k. Furthermore, this mode does not create a perturbation in the density or 

plasma pressure. Alfven mode waves are always present in the solar wind. Their 

amplitudes are largest in the compressional regions of fast solar wind streams. 

An Alfven wave that is generated locally in the solar wind can not propagate 

to the Sun if its phase velocity in the solar wind frame of reference is zero, i.e. 

Vph = Vsiu — VA = 0. This location is known as the Alfven critical point, and it 

depends on |us«,|, \B\, and p. In open field regions, the critical point can be as far 

out as 16 solar radii, whereas in the streamer belt the critical point is above the 

last closed field lines at ~ 4 — 6 solar radii (Roussev, private communication). The 

phase speed of the fast and slow magnetoacoustic waves is given by 

^Ih [{cl + v\Y - Aclvlcos^e ' I, (4.2) 

where the + (-) sign corresponds to the fast (slow) mode. Here is the sound 

speed. A more detailed description of the magnetoacoustic waves can be found in 

Priest (1982) and Parks (1991). 
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Wave-particle interactions are important for the dynamics of the solar wind. 

Alfven waves play a major role in the momentum balance and energetics of the fast 

solar wind (Holzer et al. 1983, McKenzie et al. 1997). The dissipation of Alfven 

wave spectrum at the ion-cyclotron frequency heats the ions in open field regions 

of the Sun (Axford and McKenzie 1992). The omnipresence of Alfven waves in the 

heliosphere is also vital for sustaining high levels of interplanetary turbulence. 

4.4 Shock Waves in the Hehosphere 

The existence of shock waves in the solar wind was first suggested by Gold in 1955. 

The interest in interplanetary shocks has increased when observations of energetic 

particles indicated the existence of rapid acceleration process associated with such 

shocks. 

Particle acceleration at collisionless shocks (the mean free path of binary colli

sions much greater than the width of the shock front) is believed to be a common 

phenomenon in space plasmas belonging to a diversity of physical circumstances, 

ranging from the inner heliosphere to the central regions of distant galaxies. Direct 

evidence to support the belief that such a mechanism can efficiently produce non

thermal particles comes from direct measurements of accelerated populations in 

various energy intervals at the Earth's bow shock and interplanetary shocks. There 

is also indirect evidence provided by observations of non-thermal electromagnetic 

radiation from distant cosmic sources such as supernova remnants, gamma ray 

bursts, exotic galaxies, and by the very existence of cosmic rays. 

The main difference between collisionless and collisional shocks is in the nature 

of energy dissipation mechanism. In ordinary (collisional) shocks, energy is dissi

pated by binary collisions, whereas such collisions are absent in collisionless shocks. 

Collisionless shocks are an example of macroscopic flow phenomena regulated by 

microscopic kinetic processes. 

While theoretical studies can provide considerable qualitative understanding of 

the acceleration processes at shocks, the test of their validity can only be made by 
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comparing model predictions with observational data. Most detailed information 

on particle acceleration comes from in-situ measurements at the Earth's bow shock 

(BS) and, to a lesser extent, at interplanetary traveling waves and shock pairs 

bounding corotating interaction regions (CIRs). 

Since traveling interplanetary shocks move only at ~ 100 km/s or so faster than 

the ambient solar wind, non-accelerated interstellar pickup ions can encounter these 

shocks many times more easily than stationary shocks (such as TS and planetary 

BSs). Therefore, interplanetary shocks play major role in the gradual energization 

of pickup ions in the heliosphere that are important for the production of ACRs at 

the TS. 

4.4.1 Definitions of Shock Parameters 

Let us introduce some basic parameters of shock waves, and in particular inter

planetary shocks, which we will use later in our data analysis (in Section 4.6). An 

important parameter used to define the geometry of a shock wave is the angle be

t w e e n  t h e  m a g n e t i c  f i e l d  d i r e c t i o n  u p s t r e a m  o f  t h e  s h o c k  a n d  t h e  s h o c k  n o r m a l ,  9 .  

Oblique shocks exist in the range 0° < 0 < 180°. At the two extremes, there are: 

• perpendicular shocks (for 0 = 90°); and 

• parallel shocks (for 0 = 0° and 9  =  180°). 

Shocks are also referred to as quasi-parallel if 0° < 0 < 45° or 135° <  9  <  180°, 

and quasi-perpendicular if 45° <9 < 135°. 

Another important parameter of shock waves is the upstream sonic Mach num

ber: 

Ml = ̂ , (4.3) 

where Ui and c^i are the upstream solar-wind speed (in the frame of the shock) 

and the sound speed, respectively. The variables ahead (upstream) and behind 

(downstream) the shock front, in the frame of the shock front, are denoted by 1 

and 2, respectively. The sound speed is given by c^i = (7pi/pi)^^^, where pi,pi, 

and 7 are the upstream values of pressure, mass density, and the ratio of specific 
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heats, respectively. A flow is subsonic if Mi < 1 and supersonic if Mi > 1. 

Sometimes the Alfven Mach number is used instead of the sonic one. By defi

nition: 

Mai = (4.4) 
V A I  

where V A I  is the Alfven speed upstream of the shock. 

The importance of the magnetic field in space plasmas is characterized by the 

plasma /3 parameter: 

/3 = ^ = 4. («) 

which is the ratio of the kinetic gas pressure p  to the magnetic pressure 5^/2^o 

(for non-magnetized plasma /3 oo). At 1AU, f3 ranges from 0.4 to 0.94 (Keppler 

1 9 9 8 ) .  F r o m  E q s .  4 . 3 ,  4 . 4 ,  a n d  4 . 5  o n e  c a n  r e a d i l y  r e l a t e  M i  w i t h  M A I -

^Ai _ _ At (4.6) 
Mf 2 • 

Shock waves are also characterized by their strength or compression ratio, de

fined by the ratio of mass densities downstream and upstream of the shock, namely 

s = P2IP\- For an ideal gas with 7 = 5/3, as will be shown below, the maximum 

compression ratio of a shock wave is 4. 

Finally, we would like to mention that a shock wave can be reverse (e.g. shocks 

associated with CIRs) or forward (e.g. piston-driven shocks by CMEs, blast-shock 

waves caused by flares, etc.). A forward shock is a shock that moves away from 

the Sun, relative to the solar wind, whereas a reverse shock moves toward the Sun 

relative to the solar wind. However, because the solar wind is moving supersonically 

away from the Sun, both types of shock waves are moving away from the Sun, 

relative to the Sun itself and any satellite that measures the shock parameters. 

A shock is fast when its relative speed to the solar wind is higher tha.n the fast 

magnetoacoustic wave speed (refer to Eq. 4.2); a shock is slow when its relative 

speed is higher than the slow magnetoacoustic wave speed. 
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4.4.2 Conservation Laws and Jump Conditions for Shock Waves 

Now let us discuss briefly the conservation laws of physical quantities and jump 

conditions across a shock wave, following Boyd k, Sanderson (2003). We note fluid 

properties may change abruptly across a shock wave front; the shock front is thus a 

transition region between the undisturbed (unshocked) fluid and the fluid through 

which the shock has passed. Since these will be needed later on, it is helpful to 

write the fluid equations in the form of conservation relations, namely: 

• conservation of mass (continuity equation) 

• momentum conservation 

d { p u )  

d t  
= -V 

I = -V . (pu ) ,  

1 ( -* -> 
p u u  +  p l  (  B B  — I  

Mo V 2 
=  v - n .  

(4.7) 

(4.8) 

where I  is the unit dyadic and 11 is the momentum flux. 

• energy conservation 

^ A 2 , P  
m  [ 2 " "  +  —  2/io 

= -V- 1 I P  
2 7 — 1 

1 
u  H B  X (u  X B )  

1^0 
= V-5, 

(4.9) 

where S  is the energy flux. For simplicity, let us consider a steady-state, plane 

shock wave moving in a direction normal to the plane of the shock; let this be 

the X direction. Before examining the motion of particles near a shock wave, it 

is important to choose a convenient frame of reference in which to analyze the 

properties of the shock. Let us consider a frame of reference moving with the shock 

front; we choose to follow the plasma approaching the shock from the upstream 

region (region 1) with velocity ui and leaving it in the downstream region (region 

2) with velocity U2- Since steady-state conditions apply {d/dt = 0), and variables 

depend only on x, from Eq. 4.7-4.9 we have 

d { p u ^ )  

dli^ 

dx  
= 0, 

d x  

d U  

d x  

= 0, 

x y  ^ 0 ,  d H ,  

d x  
= 0, 

(4.10) 

(4.11) 
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^ = 0. (4.12) 
a x  

Using the notation [V'] = (V'2 — V'l) (with index 1/2 referring to quantities up

stream/downstream of the shock wave), the integration of Eq. 4.10-4.12 gives the 

following: 

[pu^] = 0, (4.13) 

[pul.-\-p-\-{By +BI)/{2IIQ)\ = Q, (4.14) 

\pUx'Ujy B^By! ̂o] 0, (4.15) 

\p'^x'^z BxB^I po\ 0, (4.16) 

[pu^e + pux + pUxU^/2 + Ux{By + Bl)/po - B^iByUy + E^u^)//io] = 0, (4.17) 

where e = p / [ ( ' j  —  l ) p ]  is the internal energy per unit mass. In addition, the Maxwell 

equation for the current density j reads: 

dB^ dBy\ /. -,o\ 

The ideal MHD equations apply on either side of the shock, in regions 1 and 2, but 

not in the shock region itself because dissipative processes take place there. Thus, 

from Ohm's law: 

El = ^ - ni X 5i, E2 = ^-U2X B2. (4.19) 
(Jl (72 

Here a is the electrical conductivity. As mentioned earlier, steady-state conditions 

apply. Thus, from dB/dt = —V x .E = 0 and V x S = 0 we get: 

dB^ 

d x  
= 0, (4.20) 

d E n i  f  , 
^ = 0, (4.21) 
d x  

d E  
^ = 0. (4.22) 
d x  

After integrating the last three equations, and using Eq. 4.18 and Eq. 4.19, we find 

that: 

m = 0, (4.23) 
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[uxBy - UyB^] = 0, (4.24) 

[u^B^ - u^B^] = 0. (4.25) 

The Eq. 4.13-4.17 and Eq. 4.23-4.25 are called the jump conditions across the 

shock. They relate fluid variables on one side of the shock wave to those on the 

other side. Defining the unit vector h in the direction of shock propagation, the 

jump conditions may be written in a more general form as: 

[ p u  • n] = 0, (4.26) 

[ p u { u  • n) + (p + B ' ^ / 2 n o ) n  - {B • n)5//io] = 0, (4.27) 

[ u  •  n { p e  +  p v ? / 2  +  S^/2//o) +  u  •  n { p  +  S^/2/io) —  { B  •  n ) { B  •  •u)//xo] = 0, (4.28) 

[ B - n ]  =  0, (4.29) 

[n X (w X B ) ]  = 0. (4.30) 

They are also known as Rankine-Hugoniot relations. The first three relations rep

resent the conservation of mass, momentum, and energy, respectively, for a flow 

of plasma through the shock. The last two equations give the jump conditions for 

the magnetic field and the electric field across the shock front. Specifically, they 

express the continuity of the normal component of B and the tangential component 

of ^ = —u X B, respectively, across the shock. 

4.4.3 Perpendicular Shocks 

Now let us consider a special case of a shock wave, namely a perpendicular shock 

wave. Some basic properties obtained here will used later in Section 4.6. In this 

case, the shock geometry is such that both the upstream Bi and the downstream 

B2 magnetic fields are perpendicular to the shock normal n (9 = 90°); our consid

erations are made in a frame of reference in which the flow velocity is normal to 

the shock front. As above, the variables upstream and downstream of the shock 

front, in the frame of the shock front, are denoted by 1 and 2, respectively (see Fig

ure 4.3). The conservation of mass, momentum, energy, and magnetic flux across 
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Figure 4.3: Notation for a perpendicular shock wave. See text for details. 

the shock front are given by Eq. 4.26-4.30 (the Rankine-Hugoniot relations), and 

in this case they read as follows: 

P 2 U 2  —  P l U i ,  

P 2  +  P 2 u l  +  ̂ =  P i  +  P i u l  +  
Z/^0 ^1^0 

(4.31) 

(4.32) 

P2 + — + 92^2 + 7;P2l4] U2= (pi + — + PlCl + ̂ Piul ) Ui, (4.33) 
Po ^ J \ P'O ^ 

B2U2 = BlUi. (4.34) 

If one denotes by s  { =  P 2 / p i  >  0) the compression ratio of the shock, the above 

relations imply that: 

^2 Pi 1 B 2  P 2  ^ ^ 2  f - ,  1 \  -  =  —  =  - ^  =  s ,  —  = 7 M ^  1 - -  h i ,  
U i  p 2  s  B i  P i  \  s j  P i  

(4.35) 

where /3i = IjipijEX and Mi = Vijcs^ are the upstream plasma beta and the sonic 

Mach number, respectively. Using Eq. 4.32 and Eq. 4.33 and excluding the solution 

s = 1 which corresponds to no shock, we find that the compression ratio s is the 
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positive solution of the following quadratic equation: 

2(2 - 7)s^ + [2/3i + (7 - + 2)75 - 7(7 + l)/3iMf = 0. (4.36) 

If Si and S2 are the roots of this equation, then 

7(7 + 1)/5IM2 
=  2 ( 2 - 7 )  '  '  

and for 7 < 2 one root is negative and, therefore, non-physical. Consequently, there 

is only one physical solution corresponding to a shock wave in this case. 

In the limit o f  / 3 i  ^00, the MHD case reduces to a simple hydrodynamic case. 

For a hydrodynamic shock, Eq. 4.36 becomes linear (first term is negligible) and 

yields 
^ (7 + 1)^1 3gN 

2  +  ( 7 - 1 ) M 2 -

For 7 = 5/3 and for large Mi (> 5), one gets s 4, which is the maximum 

compression ratio for a perpendicular shock wave. 

4.5 Particle Acceleration at Shocks 

4.5.1 Fermi Acceleration 

Let us consider a background medium that is flowing with velocity u in a one-

dimensional planar space. Also, let a particle and waves move forward and/or 

backward relative to the background medium with velocities v and v^,, respectively. 

The probability for a head-on collision, i.e. a wave-particle interaction with a wave 

propagating in the opposite direction of the particle, is slightly higher than that 

of an interaction with a wave propagating in the same direction. This is because, 

for a given time interval, there are more head-on than trailing collisions due to 

the somewhat larger relative speed between the particle and the incoming waves. 

One can easily find that, in the rest frame of the wave, the particle gains (loses) 

energy from most head-on (trailing) collisions. This process is similar to a ping-

pong ball (particle) bouncing between ping-pong paddles (waves) that approach 

one another. Given the fact that there are more head-on than trailing collisions. 
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the particle's energy change after a series of wave-particle interactions is a net gain. 

A quantitative analysis (Gaisser 1990) shows that the gain per single interaction is, 

on average, proportional to (f/c)^, where c is the speed of light. Thus, the original 

Fermi mechanism (presented by Fermi in 1949) is of second order in (u/c), therefore 

the name second-order Fermi acceleration is justified. 

If the above process occurs across a shock front, the acceleration efficiency is 

significantly increased as long as the difference of particle and wave speeds, \v — vyj\, 

is smaller than the jump in flow speed, |ui — 'U2I, across the shock. Here Ui and 

U2 are the flow velocities upstream and downstream of the shock, respectively. 

For a particle crossing the shock upstream (downstream), there are only waves 

propagating toward it from downstream (upstream). Thus, there are only head-

on collisions, which makes the process of particle energization more efficient than 

the second-order Fermi acceleration. A quantitative analysis (Gaisser 1990) shows 

that the average energy gain per wave-particle interaction is proportional to the 

first-order in {v/c), hence the name first-order Fermi acceleration is justified. 

4.5.2 Shock-Drift Acceleration 

The shock-drift acceleration mechanism was known long before the first-order Fermi 

acceleration (Moraal 2000 and references therein). The fundamental point in this 

mechanism is that the more perpendicular the geometry of the shock, the stronger 

the energization of particles. Let us consider the process of shock-drift acceleration 

at a perpendicular shock illustrated as the dashed line in Figure 4.4. The plasma 

approaches the shock front from upstream at a speed ui, which is much smaller then 

the particle speed v. The frozen-in magnetic field (pointing outward) moves through 

the shock with the flow speed. Thus, the magnetic field in the downstream region is 

compressed by a factor o£ s (see § 4.4.1), the shock compression ratio. The moving 

Bi field upstream of the shock causes an induced electric field, Ei = —ui x Bi 

(pointing upwards in Figure 4.4). Since the electric field is continuous across the 

shock front, the magnetic field strength changes by a factor of s. (Note that the 

flow speed changes by a factor of I/5 across the shock.) In that case, the particle 
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experiences an E-cross-B drift motion. In the upstream region, the particle gyrates 

about the magnetic field Bi=Biy, while the guiding-center drifts with a velocity 

E X = Uix. When an upstream particle crosses the shock front into the 

downstream region, its orbit will experience a reduced radius of curvature, since 

the magnetic field strength B2 is greater there. The net effect for a positively 

charged particle is to find its orbit shifted in the z-direction parallel to the electric 

field, and so the electric field does work on the particle and increases its energy. An 

electron would experience a drift in the opposite direction. Since the guiding-center 

motion is very similar to the gradient drift in an inhomogeneous magnetic field, this 

process is referred to as shock-drift acceleration. The shock-drift acceleration is 

efficient mechanism in perpendicular shocks, whereas first-order Fermi acceleration 

is important in parallel shocks. 

A classical result, summarized in, e.g., Zank (1999 and references therein), shows 

that even for a strong shock wave the energy gain of particles is modest. For ex

ample, a perpendicular shock with a compression ratio of 4 (maximum attainable 

value for 7 = 5/3) produces a particle energy increase of approximately 3. Fur

thermore, this energy gain occurs only once since, in this shock geometry, the pitch 

angle scattering seemingly does not cycle the particles back and forth across the 

shock front; it merely transports particles forward and backward along the shock 

interface, while they experience E-cross-B drifts. 

An additional interesting feature of shock-drift acceleration, arising from the 

shock potential at quasi-perpendicular shocks, is the so-called shock surfing ac

celeration. This may be an effective injection mechanism at quasi-perpendicular 

shocks (e.g., Lee et al. 1996). 

4.5.3 Diffusive Shock Acceleration 

Diffusive shock acceleration of particles, which is a particular case of first-order 

Fermi acceleration, may occur at any oblique shock wave and the energization of 

particles generally results from both the flow compression and particle-drift effects. 

Since particle-particle interactions are negligible in the collisionless plasma of the 
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Figure 4.4: The trajectory (solid curve) of a positively charged particle crossing 
a perpendicular shock (shown as the dashed line) with a compression ratio s = 3 

and upstream flow speed ui. Here B points in the negative y-direction, E is in 
the positive z-direction, and the plasma flows from left to right in the positive 
a;-direction (from Priest and Forbes 2000). 

solar wind, the transport of energetic charged particles is governed by the ambient 

electric and magnetic fields (both large-scale regular fields and small-scale random 

fluctuations). Fast charged particles are subject to four distinct transport effects 

(Giacalone et al. 1997). Since the magnetic field is frozen-in to the plasma (it 

moves with the solar wind at a velocity u) and the particle motions are constrained 

to a given field line, particles are convected with the solar wind flow. In addition, 

because the magnetic field B varies systematically over large scales, there are cur

vature and gradient drifts {v^) that are coherent over large distances. The motional 

electric field of the solar wind u x B causes associated energy changes, as a result 

of the expansion or compression of the wind flow. Also, there is an anisotropic ran

dom walk or spatial diffusion (described by a diffusion tensor k) that is caused by 



88 

scattering due to random magnetic irregularities carried with the flow, which also 

maintains a nearly isotropic particle distribution with respect to the pitch angle 

of particle motions in the fluid frame of reference. The magnitude of the diffusion 

coefficient depends on the particle mass, charge, and speed; therefore, the com

position of various species is subject to change with regard to energy, time, and 

position. 

The superposition of coherent (large-scale) and random (small-scale) effects was 

explored for the first time by Parker (1965) in order to obtain the generally accepted 

transport equation for the quasi-isotropic distribution function f{r,p,t) of particles 

in space, momentum, and time: 

df df df d ( df\ Idui f df \ 
dt ' " dxi \""'dxjJ ^ 35a;, [dlnpj 

Here p = |^ is the particle momentum at position r and time t, and Q is a source 

term. The first term on the right-hand side represents the anisotropic spatial diffu

sion of particles, while the second term describes the first-order Fermi acceleration 

in regions with local compression of the flow (V • n < 0), i.e. at shocks. The 

guiding-center drift velocity is given by: 

J .  =  | v x | ,  ( 4 . 4 0 )  

where B is the local magnetic field, q is the particle charge, and v is the particle 

speed. 

The transport equation given by Eq. 4.39 is remarkably general; it is not limited 

to gradually varying plasmas, i.e. those with small spatial gradients. As long as the 

distribution function remains nearly isotropic (provided there is enough scattering 

of particles by the magnetic irregularities), the equation can be applied to discon

tinuous changes in the plasma flow. In particular, shock waves can be included, 

and the whole standard theory of diffusive shock acceleration is contained in that 

equation. Jokipii (1990) showed, however, that diffusive acceleration at a quasi-

perpendicular  shock  i s  more  c lose ly  re la ted  to  par t ic le  dr i f t  in  the  mot ional  u x B 
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electric field at the shock front, rather than to compressive Fermi acceleration. If the 

particle scattering frequency is much smaller than the particle gyro-frequency, but 

still sufficiently high to maintain both isotropy and prevent ail particles from being 

convected away from the shock, the particle energy gain at a quasi-perpendicular 

shock is simply (Jokipii 1990): 

where A</) is the electrostatic potential and Z e  is the particle charge. In general, 

the diffusive shock acceleration at a perpendicular shock wave is applicable only 

when the criterion Ay/r^ <C vjui is fulfilled (where v is the particle velocity, Ui is 

the upstream flow speed relative to the shock, Vg is the Larmor radius, and A|j is the 

parallel-to-the-field mean free path. Ay = 3K\\/V). This means that there must be 

enough scattering of particles normal to the shock front so that they remain near 

the shock. For the termination shock and other standing discontinuities in the solar 

wind (like CIRs), unaccelerated pickup ions do not meet this requirement (Jokipii 

1996). Hence, a boost in the particle energy is required prior to reaching the TS; 

this pre-acceleration of pickup ions may be achieved at interplanetary shocks. Our 

present investigation is focused on exploring the means of this process. 

It was established, independently by Axford et al. (1977), Bell (1978), Bland-

ford and Ostriker (1978), and Krymsky (1977), that the solution of the cosmic-

ray transport equation (Eq. 4.39) for a planar collisionless shock wave yields a 

power-law: / ~ p~^, where the spectral index for non-relativistic particle spectrum 

r = 3s/(s — 1) is a function of the shock's compression ratio, s. In terms of particle 

differential energy flux, j ~ p^f, and kinetic energy, E, the spectrum of accelerated 

particles, in the non-relativistic limit, is given by: 

A E  s s  Z e A c j ) ,  (4.41) 

j  ~ £;-(«+2)/(25-2)_ (4.42) 

In the relativistic Hmit { E  =  p c ) ,  the spectral index is twice larger, i.e. j  ~  

_g-(s+2)/(s-l)_ 
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4.5.4 Steady-state Particle Distribution Near Shock Wave 

Let us consider the diffusive kinetic equation (see Eq. 4.39) governing the diffusive 

shock acceleration mechanism; 

and look for a steady-state solution in the case of stationary, planar shock wave. 

Here f{r,p,t) is the isotropic particle distribution function with normalization 

N(r,t) = f 4:7rp'^f(r,p,t)dp, u is the bulk plasma velocity, k is the spatial diffusion 

tensor, and p = |pl is the particle momentum. Let us assume that the magnetic 

field is frozen-in to the plasma, and that particle diffusion occurs only along the 

magnetic field lines: k = KUB 'Sins, where is the unit-vector along the magnetic 

Let us consider a one-dimensional planar shock wave with compression ratio s  —  

P2/P1 = 2, and let us choose a frame of reference in which the shock front (located 

at X = 0) is in steady-state. Upstream of the shock (a; > 0), the first term on the 

left-hand side is zero (steady-state), and so is the second term on the right-hand side 

(no compression of the flow, i.e. V • u = 0). In this region, the particle convection 

with the flow is balanced by the spatial diffusion along the magnetic field lines, 

and the solution of Eq. 4.43 is f{x,p,t) = f{0,p,t)exp{—\ui\x/K). Downstream of 

the shock (a; < 0), the first term on the left-hand side is again zero and the spatial 

derivative of / vanishes (or is negligible). This means that the distribution function 

/ is uniform with respect to x, and therefore f{x,p, t) = f{0,p, t) in order to match 

the solution at the shock front. At the front, Eq. 4.43 describes first-order Fermi 

acceleration (the first terms on both sides of Eq 4.43 vanish): 

|  +  ( s . v ) /  =  v . { s . v / )  +  ? | ( v . a )  (4.43) 

field [V • (Sns) - 0]. 

p  d f  
f { 0 ,p , t )  + 2 ^(^1 ~ ^2) = 0. (4.44) 

The solution of Eq. 4.44 is: 

(4.45) 
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where 
3ui 

r = (4.46) 
U i  -  U 2  

From the mass conservation across the shock front (see § 4.4.2), the shock com-

Figure 4.5: Distribution of particle flux near a stationary, planar shock wave with 
c o m p r e s s i o n  r a t i o  s  =  2 .  

pression ratio is s = P2/P1 = Ui/u2- From here, Eq. 4.46 becomes: 

3s r  =  
s — 1 

(4.47) 

From all of the above, the final solution for the steady-state distribution function 

of non-relativistic particles is: 

f { x , p , t )  =  f { 0 , p o , t )  

3 s  
s - 1  1, X < 0, 

exp I —1 a; > 0. 
(4.48) 
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In terms of particle flux { j  ^  p  f  =  E f ) ,  the resulting particle distribution is: 

/  E  \  1 1, a; < 0, 

Let us assume the following dependence of the scalar diffusion coefficient on the 

particle energy K = KQE/EQ (since K ~ RGV ^ = E), and let us also introduce 

LQ = KQ/\UI\. With these assumptions, Eq. 4.49 becomes: 

s-|-2 

j { x , E , t )  = j { 0 , E o , t )  (  —  
a: < 0, 

e x p l - t t V  ^ > 0 .  
(4.50) 

(4.51) 

L O  E  ^  

For a shock wave with compression ratio s  —  2 ,  Eq. 4.50 becomes: 

I  ̂  j i x , E , T )  ^  1 1, ^ < 0, 

j o  \ E o J  \  e x p ^ — a ;  >  0 .  

The steady-state particle flux given by Eq. 4.51 is shown in Figure 4.5. Before 

t h e  s h o c k  ( f o r  a ;  >  0 ) ,  t h e  p a r t i c l e  f l u x  p o s s e s s e s  a  l o c a l  m a x i m u m  a t  s o m e  E  >  E Q  

{EQ being the injection energy of particles). As the distance from the shock front 

decreases, the location of the extremum with respect to the energy coordinate 

approaches EQ. Behind the shock, j has a power-law dependence with respect to 

E, prescribed by the spectral index F. With respect to the spatial coordinate, j is 

uniform in the downstream region (a: < 0), whereas ahead of the shock j falls off 

exponentially over a typical length scale of L ~ {KO/\UI\){E/EQ). Thus, the length 

of the upstream tail of particles is proportional to the diffusion coefficient and the 

particle energy, and it scales inversely with the shock speed (with respect to the 

upstream flow). This theory predicts a spatial distribution of particles, such that 

the accelerated particles at lower energies should be registered later than those at 

higher energies as the shock wave approaches the particle detector. 

4.6 Data Analysis 

The data presented in this chapter were obtained with the Solar Wind Ion Compo

sition Spectrometer (SWICS) onboard the Advanced Composition Explorer (ACE) 
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spacecraft. SWICS measures the intensity of solar wind particles and suprathermal 

ions as a function of their energy per charge (E/Q), mass (M), and charge state 

{Q), from 0.49 keV/e to 100 keV/e. A detailed description of SWICS can be found 

in Chapter 2. 

4.6.1 Why Use TC Technique? 

In this study, we are interested in the suprathermal tail of pickup ion distribution, 

i.e. the part of the spectrum above the cutoff &t w = v/vgw ~ 2. In this region, 

the energy of He"*" pickup ions prior to entering the solid-state detector (SSD) is 

high enough to trigger the detector; a triple coincidence (TC) technique is used for 

this purpose. Note that a TC event occurs only when there are three valid signals, 

namely: start, stop, and energy measurement. For that reason, a TC event is more 

reliable than a double coincidence (DC) one, which uses only the E/Q and TOF 

information. While He+ DC events can be contaminated by other elements having 

the same mass-per-charge ratio (M/Q) of 4, the probability that a TC event with 

M/Q = 4 and M = 4 amu is a He"*" pickup ion is almost 100% certain. 

4.6.2 SSD Efficiency 

In our study, we use the differential energy spectrum j  of He"*" pickup ions that can 

be obtained from: 

where C  is the number of counts with energies in the interval E , E  +  A E  measured 

by the instrument in the time interval t,t + At. Here rj is the instrument efficiency, 

and G is the isotropic geometric factor given by: G = 2-10~® cm^sr. The instrument 

efficiency rj for a TC event is given by the product of the start efficiency tji, stop 

efficiency r/2, and SSD efficiency r/3: 

V  =  V i V 2  V 3 -  (4-53) 

Since SWICS on ACE is the identical twin of SWICS on Ulysses, by being 

its spare flight, the start and stop efficiencies of Ulysses/SWICS were used in our 
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calculations throughout. (We compared the efficiencies r/i and r]2 from the pre-

fiight cahbration of both instruments, and we found that they are almost identical.) 

However, for ACE/SWICS, two out of the three SSD are ion-implant SSDs, whereas 

the third one is a surface-barrier SSD (like the ones flying on Ulysses/SWICS). 

For comparison, an ion-implant SSD has a lower threshold energy compared to 

the surface-barrier SSD one; this is due to the reduced losses of particle energy 

in the dead-layer of the detector. The pre-flight cahbration data for the SSD of 

ACE/SWICS is rather ambiguous, and for this reason the in-flight SSD efficiency 

was calculated and used in our data analysis throughout. Furthermore, all SSD 

efficiencies are species and energy dependent. For a specific species, like He+ in our 

case, the rates at a given energy E (number of counts per unit time interval) are 

given by: 

• For double coincidence rate, 

where j  is the average differential flux of He"*" of average energy E  in units of 

particles/(cm^ sr s keV), and AE is the energy interval centered at E. Note that 

for DC events, the solid-state detector must not be triggered. This is represented 

by the additional factor (1 — 773) in Eq. 4.54. 

• For triple coincidence rate, 

From in-flight data, one can obtain the SSD efficiency 773 as a function of energy 

for the He"*" species, using the region where both DC and TC events occur. By 

dividing Cd from Eq. 4.54 to Ct form Eq. 4.55, one gets: 

and from here 

C d  =  j G r i i r ] 2 { l -  % )  A E "  A t ,  (4.54) 

C t  =  j G  r ] i  r ] 2  r i 3  A t .  (4.55) 

(4.57) 
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Figure 4.6: The SSD efficiency 773 of SWICS. The green dotted hne represents 773 
of ACE/SWICS as calculated from the in-flight data. For comparison, the SSD 
efficiency of Ulysses/SWICS is shown as the red dashed line. As expected, the SSD 
of ACE/SWICS has a lower energy threshold than (see text for details). Note that 
the lower limit on the energy axis corresponds to 25 keV. 

The error in computing 773 can be obtained from the general differential expression 

for f{x,y,z), namely: 

df = -/- dx + ^ dy + ̂  dz. (4.58) 
d x  d y  o z  

Translated into the language of errors, this expression reads: 

^2 f s f  ,  f s f  f 5 f  

where S x  is the error in x ,  and so on. After applying this technique to the expression 
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for 773 given by Eq. 4.57, one gets: 

The resulting efficiency % is plotted in Figure 4.6. The dotted line shows the SSD 

efficiency of SWICS onboard ACE, whereas the dashed line represents the SSD effi

ciency of SWICS onboard Ulysses. As one would expect from the discussion above, 

the threshold energy of ACE/SWICS is lower than that of Ulysses/SWICS. A de

tailed description of how to calculate SSD efficiency using the pre-fiight calibration 

data can be found in von Steiger et al. (2000). 

4.6.3 Shock Selection 

In this study, we selected 31 events of ICME-driven shocks observed within the 

time interval of almost two years, from 2000 to 2002. For this purpose, we used 

the shock catalog provided by Smith (2004), as well as the list of interplanetary 

coronal mass ejections of Cane and Richardson (2003). The selection of ICME-

driven shocks was based on the following two criteria. First, the shocks had to be 

at least one day apart (in order not to influence each other). Second, these shocks 

had to be associated with clear signatures of He"*" pickup ion acceleration, meaning 

that the differential energy flux of particles has to show a developed suprathermal 

tail (for w > 2) after the shock had passed the ACE spacecraft. The sample of 

ICME shocks we used in our study is summarized in Table 4.1. 

The shock parameters, such as upstream Alfven Mach number, M A I , and shock 

angle, 6, were taken from the CME catalog of Smith (2004). They were obtained 

by applying least-squares flts to SWEPAM and MAG (both instruments onboard 

ACE) data before and after the shock, using the incomplete Rankine-Hugoniot 

relations (temperature was not used). Regarding the time of shock passage (time 

instant when an ICME-driven shock hits ACE), we used the information provided 

by Smith (2004); however, we double checked this with the shock arrival time 

obtained independently from the SWICS proton data (time instant when the jump 

in proton velocity occurs). This way, we are more confldent that the pickup ion 
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spectrum observed after the shock is not contaminated by transients happening 

before the shock. 

Using the onhne Level 2 data of MAG and SWEPAM instruments on ACE, we 

calculated the plasma-beta parameter (see Eq. 4.5) in the upstream region of the 

shock, /3i, averaged over a time interval of 20 minutes prior to the shock arrival. The 

resulting mean values of /3i and associated errors for all of the events are presented 

in Table 4.1. The shocks we selected were divided into two groups depending on 

the angle 6 between the upstream magnetic field vector and the shock normal (see 

§ 4.4.1), namely: quasi-parallel (for 9 < 45° OT 0 > 135°); and quasi-perpendicular 

(for 45 < 0 < 135). The quasi-parallel shocks can be identified in Table 4.1 by the 

asterix in the last column. 

4.6.4 Analysis of Accelerated He+ Pickup Ions 

In our study, we needed the full energy resolution, but since the fluxes of pickup 

ions were low, we used of the raw pulse-height data of SWICS (see Chapter 2). For 

the purposes of selecting He"'" pickup ions from the pulse-height data, we defined 

a box in the M versus M/Q space as follows: 3.8 < MjQ < 4.2 and 2 < M < 6. 

However, since the transmission of pulse-height events is limited by the telemetry, a 

prioritization scheme is used while processing the data (see § 3.5.2 for more details), 

which applies the necessary corrections. The time resolution in this measurement 

is limited by the differential energy flux of pickup He"*" in the suprathermal tail. We 

find that, in order to have better statistics (and obtain a reliable particle distribu

tion in the tail), the SWICS instrument requires an integration time of 2 hours. 

After we identified the shocks of interest, we calculated the differential energy 

spectrum of He"*" pickup ions after the shock using an accumulation time interval 

of 2 hours. The energy fluxes were computed from the pulse-height event rate 

following Eq. 4.52. We used the geometric factor of SWICS as well as the energy 

and species dependent detection efficiency, r?3, described in § 4.6.2. We then applied 

a least-squares power-law fit to the high energy portion of the spectrum (the one 

that corresponds to w; > 2). An example of He"*" pickup ions affected by an ICME 
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Figure 4.7: Dependence of the differential energy flux on the particle energy for 
He"*" pickup ions accelerated by the ICME shock on DOY 195 of 2002. The dashed 
line in blue is the least-squares linear fit to the suprathermal particle tail. The cor
responding spectral index is given above the curve. The green dashed line indicates 
the cut-off in the He+ pickup ion distribution at u; = 2. 

shock is shown in Figure 4.7; this event corresponds to day-of-year 195 of 2002. 

A summary plot of the solar wind plasma parameters for this particular event is 

shown in Figure 4.8. The 2-hour time interval after the ICME-driven shock had 

passed ACE is indicated by the two vertical lines. 

The spectral index, F, we derived for this and all other events from our sample, 

together with the corresponding errors in F from the power-law fitting, are given in 

Table 4.1. Note that the theory we presented in § 4.5.4 predicts a spectral index of 

the differential particle flux that depends on the shock's compression ratio, s, via 

F = (s-|-2)/(2s —2). Thus, the stronger the shock, i.e. the larger the value of s, the 

harder the resulting spectrum of accelerated particles. However, is this theoretical 
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Figure 4.8: Summary of solar wind plasma data for DOY 195 of 2000. From top to 
bottom, the plotted parameters are: proton speed number density A/p, proton 
temperature Tp, magnetic field strength RTN latitude A, and RTN longitude 5. 
The 2-hour time interval after the ICME-driven shock had passed ACE is indicated 
by the two vertical lines. 

result consistent with our observational findings? 

4.7 Results and Discussions 

The results of our data analysis arc illustrated in Figure 4.9. In this figure, we 

relate the spectral index, F, obtained from the power-law fitting of He"^ pickup ion 

data with the upstream Alfven Mach number MAI of the relevant ICME shock. 

The data points associated with quasi-perpendicular shocks are color-coded with 

respect to the relevant value of the plasma-bcta, whereas the data points associated 

with quasi-parallel shocks are plotted in black. In order to compare our results with 
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the theoretical predictions, we also plotted in Figure 4.9 the analytical curves for 

r(/3i,MAi) computed for six different values of the plasma-beta (these curves are 

color-coded with respect to /3i; see legend) from: 

where s  is the positive solution of the following quadratic equation: 

(2 - 7)^' + A + + 1 
7 

75 - (7 4- 1)M1I = 0, (4.62) 

which we obtained from Eq. 4.36 and Eq. 4.6 (see § 4.4.2). Note that this holds 

true for a perpendicular shock wave only, i.e. when 9 = 90°. 

For a parallel shock wave the situation is more complicated, and in this case 

I < s = < 4 — 5/5i/2 (see Landau and Lifshitz 1960). For sufficiently low 

values of Pi (< 2/7), then s = M\i. For /3i > 2/7, then the compression ratio is 

given by Eq. 4.38 - a result we obtained for a hydrodynamic shock wave (i.e. when 

/3i 00). By these reasons, we did not plot in Figure 4.9 any theoretical curve of 

r(/3i, MAI) in the case of a parallel shock wave. 

For a perpendicular shock wave, as the plasma-beta parameter is increased, 

the sonic Mach number becomes very small for a given value of MAI- Thus, the 

shock weakens and the associated spectral index becomes large (soft spectrum of 

particles). This is why the curves for large values of plasma-beta parameter he 

above those for small values of /3i. When the Alfven Mach number MAI becomes 

too large (strong shock wave), then s (7 -|- l)/(7 — I) == 4 (for 7 = 5/3), and so 

F 1; this means that the resulting spectrum of particles is very hard. 

In order to compare theory with observations, in the last column of Table 4.1 

is given the value of the spectral index, Fj, computed using Eq. 4.61 and Eq. 4.62, 

for each event associated with a quasi-perpendicular shock wave. For that purpose, 

we used the information about the plasma-beta parameter (sixth column) and up

stream Alfven Mach number (fourth column) for each event. The errors in Fj reflect 

the uncertainties in the obtained value of Pi. 
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As seen in Table 4.1 and Figure 4.9, the uncertainties in the data do not let one 

make a confident statement about the agreement of our results with the theory. 

There is somewhat good consistency between the theoretical predictions and our 

results for weak perpendicular shock waves {MAI < 2). However, for stronger shock 

waves, we observe softer spectrum of He+ pickup ions than that predicted from the 

theory. This is not surprising since, as demonstrated by Jokipii (1996), quasi-

perpendicular shocks are expected to accelerate particles, by means of diffusive-

shock-acceleration, only if A||/rp <C v/ui (where v is the particle speed, Ui is the 

upstream Bow speed relative to the shock speed, is the Larmor radius, and A|| is 

the parallel-to-the-field mean free path. Ay = SKU/V). This means that low energy 

particles, like He"^ pickup ions in our case, are unlikely to be energized by a strong 

(quasi-)perpendicular shock wave due to the fact that the ratio v/ui is small in this 

case, and so the above condition does not hold true. 

When interpreting the results shown in Figure 4.9, one should also keep in mind 

the energy spectrum softening due to the adiabatic energy losses that occur after 

the shock wave had passed the ACE spacecraft. For a fixed integration time of He^ 

pickup ion data (2 hours in our case), the observed energy fluxes are very sensitive 

to this effect. For faster moving shock waves these losses are greater than for slow 

shocks, and therefore the energy spectrum of accelerated particles softens quicker 

in time. There is an evidence of this effect in our results. 

From Figure 4.9, one can also see that, for a given value of MAI, the spectral 

index of He"*" pickup ion distribution is lower for quasi-parallel shocks than for quasi-

perpendicular shocks, meaning that the spectrum in harder in the former case than 

in the latter. This would imply that quasi-parallel shocks are more efficient at 

accelerating low-energy ions (up to ~ 100 keV) than quasi-perpendicular shocks. 

This interpretation is consistent with the generally held belief in the community 

(Jones and Ellison 1991 and references therein, Giacalone et al. 1997). 
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Year DOY Tshock  (UT) MAI en  /3i F Ft 

2000 160 8:41 4.5 50 ±3 0.48 ±0.10 3.6 ± 1.5 1.2 ±0.1 
2000 175 12:27 3.5 114 ± 1 0.33 ±0.08 4.2 ±0.4 1.3 ±0.1 
2000 192 5:57 1.8 66± 13 0.08 ±0.03 2.9 ±0.5 2.2 ±0.2 
2000 195 9:18 1.4 158 ± 13 0.84 ±0.19 2.4 ±0.6 * 

2000 201 14:48 3.0 99 ±7 0.29 ±0.11 2.7 ±0.8 1.4±0.1 
2000 208 17:55 1.6 84 ±4 0.70 ±0.09 3.8 ± 1.9 4.2 ±0.4 
2000 223 4:07 1.2 18 ±9 0.27 ±0.06 2.9 ±0.8 * 

2000 227 21:36 2.4 159 ± 15 1.40 ±0.64 2.9 ± 1.8 * 

2000 261 16:57 1.7 107 ± 19 0.17 ±0.09 3.1 ±1.3 2.6 ±0.1 
2000 279 2:41 2.9 114 ±8 0.09 ±0.03 4.2 ±0.9 1.4 ±0.1 
2000 286 21:45 1.6 83 ±6 — 2.9 ±0.6 — 

2000 302 9:08 1.9 49± 15 1.37 ±0.85 2.4 ±0.6 2.5 ±1.1 
2000 311 9:15 2.4 45 ±4 0.23 ±0.05 4.2 ±1.5 1.6 ±0.1 
2000 333 4:57 2.1 123 ±7 0.70 ±0.59 2.6 ±0.5 2.4 ±0.6 
2001 023 10:06 2.8 177 it 41 0.05 ±0.02 2.1 ±1.1 * 

2001 108 0:05 3.0 81 ±5 0.37 ±0.22 3.6 ±0.5 1.4 ±0.1 
2001 118 4:31 5.9 92 ±2 0.15 ±0.08 3.8 ±0.9 1.1 ±0.1 
2001 147 14:18 2.7 43 ±8 0.31 ±0.09 3.3 ±0.7 * 

2001 229 10:16 2.7 118 ±6 0.15 ±0.05 4.2 ±0.4 1.5 ±0.1 
2001 239 19:19 2.7 91 ±6 0.59 ±0.14 4.7 ±0.9 1.7 ±0.1 
2001 284 16:20 2.1 74 ±4 0.20 ±0.10 2.2 ±0.4 1.9 ±0.1 
2001 294 16:12 4.7 50 ±4 0.82 ±0.15 3.2 ±0.6 1.2 ±0.1 
2001 298 8:01 3.6 150 ±22 0.31 ±0.17 2.4 ±0.4 * 

2001 323 17:35 3.0 65 ±4 0.32 ±0.06 3.2 ±0.5 1.4 ±0.1 
2001 363 4:47 2.9 138 ±9 0.16 ±0.08 2.8 ±0.7 * 

2002 077 12:36 6.1 38 ±6 3.58 ±2.05 1.7 ±0.4 * 

2002 113 4:15 3.7 35 ±8 0.34 ±0.15 1.7 ±0.7 * 

2002 138 19:19 4.4 122 ±3 0.49 ±0.17 2.7 ±0.4 1.2 ±0.1 
2002 198 15:27 2.2 35± 12 0.64 ±0.15 2.5 ±0.5 * 

2002 206 12:59 2.0 9 9  ± 7  0.13 ±0.01 3.0 ±2.1 1.9 ±0.1 
2002 250 16:11 2.4 8 9  ± 4  0.12 ±0.06 3.3 ±0.8 1.6 ±0.1 

Table 4.1: Parameters of ICME-driven shocks and spectral index of pickup ion 
power-law distribution. DOY stands for day-of-year, MAI is the upstream Alfven 
Mach number, 0 is the angle of the upstream magnetic field to the shock normal, 
(3\ is the plasma-beta parameter upstream of the shock, F is the spectral index of 
pickup ion distribution derived from SWICS data, and Ff is the theoretical value 
of the spectral index assuming 6 = 90°. The asterix in the last column indicates 
quasi-parallel shock waves. 
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Figure 4.9: Dependence of the spectral index of particle energy flux on the Alfven 
Mach number of the shock wave. The data associated with quasi-perpendicular 
shocks are color-coded with respect to the relevant value of the plasma-beta /3i, 
whereas the data points associated with quasi-parallel shocks are plotted in black. 
The solid curves are the theoretical curves for T{j3i, MAI) computed for six values 
of the plasma-beta (color-coded with respect to /3i; see legend) from Eq. 4.62, 
assuming d — 90° (see text for details). 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

The purpose of this thesis work has two parts: time-dependent structure of 

the helium cone with progressing solar activity; and He"*" pickup ion acceleration 

by ICME-driven shocks. In the first part, we studied the temporal variability of 

the He"*" cone for the period from 1998 through 2002, using data obtained from 

SWICS on ACE. We analyzed five consecutive crossings of this cone in conditions 

ranging from just after the solar minimum (1998) to past solar maximum (2002), 

thus covering a significant portion of the current solar cycle. The main conclusions 

of this observational study are as follows: 

• There is day-to-day variability in our observations that is not well understood. 

The likely causes are: depletion of pickup ions in the anti-sunward part of 

the distribution (the one that corresponds to if > 1) during time periods 

of radial interplanetary magnetic field (Gloeckler et al. 1995, Mobius et al. 

1998); changes in the cutoff energy of the He"*" spectra due to the non-zero 

inflow speed of neutral helium (Chalov and Fahr 2000, M5bius et al. 1999); 

and variations due to flow compression regions in the solar wind (Saul et al. 

2002). This could also be due to variations in the ionization rate. 

• There is a long-term variability in the He cone, which may be due to time-

dependent changes in the ionization rates over the solar cycle. Even though 

the radial dependence of the electron ionization rate is not well established in 

the inner heliosphere (< 0.5 AU), we tend to believe that this process plays 

an important role in determining the structure of the He cone over the solar 

cycle. 

• The position of peak density inside the He cone is the only parameter that can 

be obtained reliably, with very little dependence on the actual measurements 

in the cone profile. We derived an average value of ecliptic longitude of 
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75°.3 ± 3°.6. This is in good agreement with the values obtained from direct 

observations of neutral He with Ulysses (Witte et al. 2002). 

• The peak density of the He cone and its average width also vary over the 

solar cycle. We obtained a good anti-correlation between the area under the 

He"*" peaks and the sunspot number: the more advanced the solar activity, 

the smaller the area under the He"*" cone. The He cone is found to reach its 

largest width at solar minimum conditions. As the solar activity progresses 

towards solar maximum, the width of the cone decreases, reaching its smallest 

value at solar maximum (2001). We believe that the most likely cause of the 

observed variability is due to changes in the ionization rate for He. This is 

further supported by the fact that both the intensity of the cone glow at 

584 A (Lallement et al. 2004) and the total number of He"^ PUIs in the He 

cone decreases as the solar activity climbs up, meaning that the number of 

interstellar He in the cone is anti-correlated with the solar activity. This 

makes sense since, at solar maximum the ionization rate is high, implying 

that less interstellar He will make it to the cone, with the rest being ionized 

on the way to the Sun. 

In the future, we intend to work towards the development of a time-dependent, 

three-dimensional empirical model of the helium cone. The constraints for the 

model will be provided by the observational results presented above. 

We also plan to use the He"*" data taken by the ACE/SWICS in order to make 

ENA predictions and compare them with the available ENA data. We intend to 

use solar-cycle dependent He"*" pickup ion intensities observed in the He cone to 

construct the time varying distribution of LISM He in the inner heliosphere for the 

production of ENHe from CIR and coronal mass ejection (CME) ions in different 

times of a solar cycle. We would like to compare the anisotropy of ENHe produced 

by models with ENHe observations by HSTOF/SOHO. 

In the second part of this thesis work, we explored the means of pickup ion 

acceleration in the inner heliosphere by ICME-driven shocks. For the period from 
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2000 to 2002, we analyzed the He"*" pickup ion data affected by the passage of 31 

interplanetary shock waves. The main conclusions of this study are as follows: 

• For a given value of the upstream Alfven Mach number, the spectral index of 

He+ pickup ion distribution after the shock is lower for quasi-parallel shocks 

than for quasi-perpendicular shocks. This means that the energy spectrum 

in harder in the former case than in the latter. Therefore, one can conclude 

that quasi-parallel shocks are more efficient at accelerating low-energy ions 

(< 100 KeV), like He"*" pickup ions, than quasi-perpendicular shocks. This 

interpretation is consistent with the generally held belief in the community 

(Jones and Ellison 1991 and references therein, Giacalone et al. 1997), result

ing from a long line of relevant analytical studies. 

• As the value of the upstream Alfven Mach number is increased, i.e. as the 

shock gets stronger, we observe greater differences between the observed spec

tral index and that predicted from the theory. This, on the other hand, is not 

very surprising since, as demonstrated by Jokipii (1996), quasi-perpendicular 

shocks are expected to accelerate particles, by means of diffusive shock accel

eration, only if the ratio of the particle speed to the speed of the upstream 

flow, v/ui, is large enough. Most hkely, for low energy particles, like He"*" 

pickup ions in our case, this ratio is small enough to prevent efficient acceler

ation of these particles by a strong (quasi-)perpendicular shock wave. 

• Another reason to observe softer particle spectrum in the case of strong shock 

waves may be due to the adiabatic energy losses. For a fixed integration time 

of He"*" pickup ion data (2 hours in our case), the observed energy fluxes are 

very sensitive to this effect. For faster moving shock waves, these losses are 

greater than for slow shocks, and therefore the energy spectrum of accelerated 

particles softens quicker in time. There is an evidence of this effect in our 

results. 
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In the future, we wish to extend this study further, and continue to analyze He"*" 

pickup ion data associated with ICME-driven shocks. We are also willing to ex

plore the means of pickup ion acceleration by diffusive shock acceleration on the 

grounds of numerical simulations. This is an ambitious plan, but we believe that 

a fundamental new knowledge can be gained by following this approach, since it 

bridges theory and observations. 
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APPENDIX A 

ACRONYMS AND GLOSSARY 

Listed below are physical acronyms and astronomical terms used in this the

sis work, along with a description of their meaning. To make plurals, an arti

cle "s" is added at the end of acronyms, e.g. PUI (singular) to PUIs (plural). 

ACE Advance Composition Explorer. 

ACR Anomalous Cosmic Ray. 

AMPTE Active Magnetosphere Particle Tracer Explorer. 

amu atomic mass unit. 

AU Astronomical Unit. 

BS Bow Shock. 

CIR Corotating Interaction Region. 

CME Coronal Mass Ejection. 

DC Double Coincidence. 

DOY Day Of Year. 

ENA Energetic Neutral Atom. 

ENHe Energetic Neutral Helium. 

EUV Extreme Ultra Violet. 

FOV Field Of View. 

GAS Ulysses Interstellar Neutral Gas Experiment. 

GCR Galactic Cosmic Ray. 

HP Helio-Pause. 

HS Helio-Sheath. 
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HSTOF High-Energy Suprathermal Time of Flight. 

ICME Interplanetary Goronal Mass Ejection. 

IMF Interplanetary Magnetic Field. 

INCA Ion Neutral Gamera Analyzer. 

ISM Inter-Stellar Medium. 

LI First Libration Point. 

LISM Local Inter-Stellar Medium. 

MAG MAGnetometer instrument on ACE. 

MHD Magneto-Hydro-Dynamics. 

MCP Micro Channel Plate. 

PUI Pick Up Ion. 

rms root-mean-square. 

rpm rounds per minute. 

RTN Radial Tangential Normal. 

SoHO Solar and Heliospheric Observatory. 

SSD Solid State Detector. 

SULEICA Suprathermal Energetic Ionic Charge Analyzer. 

SWEPAM Solar Wind Electron, Proton and Alpha Monitor. 

SWIGS Solar Wind Ion Composition Spectrometer. 

TG Triple Coincidence. 

TOF Time Of Flight. 

TS Termination Shock. 

UT Universal Time. 

uv Ultra Violet. 

uvs Ultra Violet Spectrometer. 
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APPENDIX B 

THE LAGRANGE POINTS 

In celestial mechanics, the three-body problem is not solvable in the general 

case. There are, however, five equilibrium points to be found in the vicinity of two 

orbiting masses. They are called Lagrange points, in honor of the French-Italian 

mathematician Joseph Lagrange, who discovered them by solving the restricted 

three-body problem. The term restricted refers to the condition that one of the 

masses is negligible compared to the other two. There are many examples in our 

solar system that can be well described by the restricted three-body problem. 

Let us consider the case of a small body of mass m orbiting two larger bodies of 

masses Mi and M2 (following Nicole Vogt: http://astro.nmsu.edu/~nicole/). We 

assume that: 

• Ml and M2 are in steady, circular motion about their mutual center of mass 

(CM) with angular velocity a;; 

• The mass m of the third body is negligible compared to either Mi or M2; 

• No other forces than the gravitational forces of the three bodies affect this 

system. 

If Ri and R2 are the positions of Mi and M2, respectively, to the CM, then the 

total force exerted on a third mass m, at a position f, will be: 

^ GMim - GM2m -

\r — itil'^ \r — /i2f 

Here G is the gravity constant. If the distance between Mi and M2 is R, then: 

Mo 
R ,  =  \ R ,  ( B . 2 )  

Ml + M2 ^ 

Ml 
i?2 =  \ R .  (B.3) 

^ Ml + M2 ^ ^ 
The most convenient way to find the stationary solutions, known as Lagrange 

points, is to adopt a co-rotating frame of reference in which the two large masses 

http://astro.nmsu.edu/~nicole/
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hold fixed positions. In our notation, the coordinate axes are chosen such that: 

£ II cD, ® II i?2, and y — z x x. Here x, y, and z are the unit vectors along the x, y, 

and 2; axis, respectively. This frame of reference is placed at the CM, and it rotates 

at a constant angular velocity, u, given by the third Kepler's law: 

= G{Mi + M2). (B.4) 

The effective force in this non-inertial reference system is related to the inertial 

force F by: 

= F — 2m X — muj x {u x f). (B.5) 

Here the second term is the Coriolis force and the third term is the centrifugal force. 

The effective force can be derived from the generalized potential prescribed by: 

TTl 
U^ = U — mv • {id X + — {uj X f) • {LU X f). (B.6) 

The velocity dependent terms in the generalized potential do not influence the 

positions of the equilibrium points, but they are important in determining the 

dynamical stability of motion about the equilibrium points. 

To find the stationary, equihbrium points (Lagrange points), we set v = 0, and 

we seek solutions to the equation F^^ = 0, where: 

F^ = —Vt/oj = —muj X (id X — mu'^R2—— ^  r r i L O ^ R j — — ( B . 7 )  
| r  — | r  — i ? 2 P  

The 2; component of F in our notation has no co'^r centripetal term, so it only 

vanishes when is zero. Setting the other two components of the force equal to 

zero gives us equations for and namely: 

„ — ^2 p + -^1 U R ~ -^2 /P, 
" ' |(r. + Rir + r,2)|3/2 + ̂ |(̂  ̂_ + r,2)|3/2' 

ry = R^R2T-, ;— 2M3/2 ^ -^^-^177 „ 2M3/2 " (B'^) 
|(r^ + J?l)2 + ry2)|3/2 _ ^2)2+ ry2)|3/2 

Now let us consider the Sun-Earth system, and assume that Mi is the Sun, M2 

is the Earth, and m is a spacecraft. Let us find the equilibrium positions of the 
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Figure B.l: Illustration of the five Lagrangian points. The contour lines illus
trate equipotentials. Blue arrows denote forces pointing away from the equi
librium positions, whereas red arrows denote the restoring forces. The dis
tances in this sketch are not to scale. Points LI, L2, and L3 are saddle 
points, whereas the L4 and L5 points are unstable (courtesy of Nicole Vogt: 
http://astro.nmsu.edu/~nicole/teaching/ASTR505/lectures/quickview.html). 

spacecraft in this particular case. It is easy to see that Eq. B.9 becomes trivial if 

one sets Vy to zero. In this case, the solutions for can be easily obtained from 

Eq. B.8. There exist three solutions: one for —Ri < < R2, when m is placed 

between the two larger bodies (LI point); one for > R2 (L2 point); and one 

other for < —Ri (L3 point). These three points are saddle points, as illustrated 

in Figure B.l. 

There exist two more solutions of Eqs. B.8 and B.9 for Vy not equal to zero. 

These are obtained for = {R2 — Ri)/2 and Vy = ±-v/3/?/2. These two solutions are 

known as the fourth and fifth Lagrange points (L4 and L5 points; see Figure B.l). 

Orbits around the three collinear points, LI, L2, and L3, are unstable. They 

last days before the object will break away. Points LI and L2 last for approximately 

http://astro.nmsu.edu/~nicole/teaching/ASTR505/lectures/quickview.html
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23 days. If the small mass (the spacecraft) is perturbed off one of these points by a 

small amount along the direction of its orbit, i.e. along y in the Sun-Earth frame, 

the small body will tend to fall back into place. However, if the perturbation is in 

the X direction, i.e. toward either the Sun or the Earth, the spacecraft will tend to 

move away from the stability point, either toward one of the two heavier bodies, 

or pulled away by the centripetal component of the potential (see Eq. B.6). Even 

though L4 and L5 correspond to local maxima of the generalized potential, which 

usually implies a state of unstable equilibrium, they are, in fact, stable; the stability 

is ensured by the presence of the Coriolis force. 

On Monday, August 25, 1997, the ACE (Advanced Composition Explorer) 

spacecraft was launched on a Delta II rocket. After 115 days, ACE safely reached 

the LI point, at approximately 930 thousand miles from Earth in the Sun-ward 

direction. This place is far enough from the Earth to keep Earth's gravity away 

from influencing the particles that are being observed. 

The ACE spacecraft was placed in a halo orbit around the LI point. A halo 

orbit is an orbit in which a spacecraft remains in the vicinity of a Lagrangian point, 

following a circular or elliptical loop around that point. The first mission to take 

advantage of such an orbit was SoHO (Solar and Heliospheric Observatory). How

ever, since the LI point is dynamically unstable, small departures from equilibrium 

will grow exponentially with a e-folding time of: 

r « A. (B.IO) 

For the Sun-Earth system, ti; = 27r/ year and so r = 23 days. Thus, in order to 

maintain ACE at a halo orbit around LI, course corrections (in the form of thruster 

firings) are required on a regular basis (every few months). 
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APPENDIX C 

MASS-SPECTROMETRY FOR ENERGETIC 

PARTICLES IN SPACE 

As described in Chapter 2, SWICS uses a curved-plate electrostatic filter. This 

is needed to select the particles of a given energy per charge (E/Q), according to the 

electric field setting, for subsequent velocity measurement by time-of-flight (TOF) 

and final residual energy measurement by a solid-state detector (SSD). Such a three-

parameter measurement yields the mass (hence elemental identity), charge-state, 

and energy of each analyzed incident ion. SWICS represents the optimal approach 

to space mass-spectrometry in the energy interval from 0.5 to 100 keV/e, with the 

desired mass and energy resolution (Gloeckler 1990). To investigate the acceleration 

of charged particles in space (where ions reach energies in the 10^ MeV range), the 

use of electric or magnetic field to manipulate ions according to E/Q or P/Q 

(momentum per charge), respectively, becomes impractical and other techniques 

must be employed. 

So far, only one technique has been successful in space to extend the energy 

range to hundreds of MeV. It is based on the pace, at which a particle of nuclear 

charge z traversing through matter at speed v loses its energy, dE/dx in energy 

per thickness of the material, according to the improved Bethe's formula (Jackson 

1999; but for details and numerical data, see Ziegler, Biersack and Littmark 1985) 

where mcP is the rest energy of the electron, e is the electronic charge, N is the 

number of atoms per unit volume of material, Z is the atomic number of the 

constituent atoms, H{uj) is the geometrical mean of all the ionization energies of 

the constituent atom, (3 = v/c is the relative speed of the incident particle, and 

4:11 N Z (C.l) 

7 = 1/yjl — (3'^. For a given material, defined by N, Z and the "stopping 

power" dE/dx depends only on z and v of the incident particle. 
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In the energy range of interest for space physics, E = Mv^/2 < Mc? (where 

Mc^ is the rest energy of the incident ion), Eq. C.l conveniently becomes: 

-^ = K'- = K'^ (C2) 
dx 2E ' ^ ^ 

where the quantity in the bracket approaches a constant K. Eq. C.2 suggests that 

in plotting dE/dx versus E, one gets a family of hyperbolae separated by z'^M, 

which identifies the incident particle. Experimentally, by measuring the energy 

lost by an particle of incident energy EQ in a thin detector of thickness Ax, i.e. 

AE ^ (dE/dx) Ax, as well as the residual energy E' EQ — AE of the particle by 

a detector thick enough to stop the particle, particles of the same 2; and M would 

form a track in the AE versus E plane. This is the basis of mass spectrometry by 

dE/dx-vs-E (Knoll 2000). 

For space application, solid-state detectors (SSD) made of Si of different thick

nesses are used for A£'-detectors, while thicker Si detectors and even thicker Csl 

scintillators for £?-detectors. Below, after briefly describing how a typical SSD and 

a scintillator work, we cite examples of dE/dx-vs-E mass-spectrometers in space 

physics. 

A solid-state detector (SSD) is a p-n junction in reversed bias (see Melissinos 

and Napolitano 2003). An incident particle loses its kinetic energy according to 

Eq. C.2. The lost energy raises electrons from the valence band to the conduction 

band, thus creating electron-hole pairs in the respective bands. The bias across the 

detector collects the charges to constitute a signal to be sensed by a charge-sensitive 

amplifler. The band gap is typically ~ 3 eV. If an incident particle loses 30 keV 

in the detector, then lO'' x 1.6 x 10"^® = 1.6 x 10"^® C of charge can be collected. 

Through a 1 pF capacitor, a 1.6 mV pulse can be sensed and further amplified. We 

note that the pulse height is directly proportional to the energy lost by the particle. 

A scintillator does not produce electric charges for direct detection. Instead, 

the energy lost by an incident particle, according to Eq. C.2, goes indirectly into 

emitting photons (see Melissinos and Napolitano 2003). In an inorganic scintillator, 

e.g. Csl or Nal, impurities such as Tl, ~ 1 part in 10^, acts as the photon emitters. 
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The energy lost by the incident particle goes into the production of electron-hole 

pairs in the crystal. These carriers then excite the impurity centers, which emit 

light quanta of average energy of 3 eV upon de-excitation, with a quantum efficiency 

of ~ 2 %. For a particle losing 10 MeV in the crystal, ~ 10^ visible photons are 

emitted. These photons can be detected by either a photo-multiplier or photo-

diodes optically coupled to the crystal. In this case, again the pulse height is 

directly proportional to the energy lost by the particle. 

All dE/dx-vs-E mass-spectrometers use a stack of detectors with an axial sym

metry, hence the name "telescopes". The cylindrical symmetry allows for a larger 

geometrical factor at a given volume than for instruments based on electric or 

magnetic analyzers. The geometrical factor (in cm^ sr) of any pair of concentric 

circular disks separated by a distance can be calculated (Sullivan 1971), without 

cumbersome computer simulation necessitated by the complicated geometry of in

struments using electric or magnetic analyzers. The multiple measurements in a 

stack, with coincidence requirements, give higher energy and mass resolutions. Un

like the environment of accelerator labs (where particles come in pencil beams), 

the spectrometer in outer space is exposed to particle intensities from all direc

tions. Because particles incident at different angles, on a disk of given uniform 

thickness I, have different path lengths, they deposit different amount of energy, 

AE « {dE/dx)Ax = {dE/dx)lseed, where 6 is measured with respect to the axis 

of the telescope (hence different pulse heights). Unless the incident angle is re

stricted, the dE/dx-vs-E track described by Eq. C.2 would be so spread out to 

cripple the mass resolution. In addition, random access to particles from all direc

tions creates accidental coincidence events within the time resolutions of the SSD 

electronics (typically ~ 10~® s). (This is less of a problem for TOF analyzers, in 

which the time resolution is 10~® s.) To enhance mass-resolution and reduce 

accidental coincidence events, the stack may be surrounded by a cylindrical plastic 

scintillator. Any dE/dx-vs-E event falling within the time-resolution of a signal 

from the surrounding scintillator will be either rejected. The cylindrical scintillator 
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also defines the field of view and the geometrical factor. 

Variations of multiple-element dE/dx-vs-E telescopes have been onboard arti

ficial satellites and deep-space explorers since 1960s (Fan, Gloeckler and Simpson 

1965). Advances in SSD and charge-sensitive amplifier technologies led to lower en

ergy thresholds and higher sensitivities. The two instruments, the 0.04-70 MeV/nuc 

LECP (Low Energy Charged Particle) instrument (Krimigis et al. 1977), and the 

2-500 MeV/nuc CRS (Cosmic Ray Subsystems) instrument (Stone et al. 1977), 

that made the news on the likelihood of Voyager 1 crossing the solar-wind termina

tion shock at ~ 85 AU are both dE/dx-vs-E telescopes. The different energy ranges 

of these instruments arise from the different thicknesses of the SSD employed. The 

much lower energy range of LECP, a 5-element telescope, is attained by a 5 /im and 

a 150 /im thick SSD in a dE/dx-vs-E mode in comparison to the two 35 /im SSD 

in the Low-Energy Telescopes (LET) of the CRS. Mechanical property of the sohd 

limits a detector's area A for a given thickness I. Another design consideration for 

SSD is its intrinsic capacitance, C oa A/1. To keep the noise low, thinner detectors 

must have smaller areas. In LECP, the area of the 105 /im detector is 8 cm^, while 

that of the 5 /im one is 50 mm^. 

Miniaturization of telescopes is crucial in space instrumentation. A good exam

ple is the multi-element dE/dx-vs-E telescope HIST (Heavy Isotope Spectrometer 

Telescope) on ISEE-C (Althouse et al. 1978). Although the principle of resolv

ing isotopes (based on Eq. C.2) is identical to that used to give the first report of 

cosmic-ray ^He spectrum from space (Fan et al. 1966), HIST (schematically shown 

in Figure C.l) employed more advanced technologies in SSD and in electronics to 

measure isotopic composition of cosmic rays of ^ 5 to ~ 250 MeV/nuc with a mass 

resolution of < 0.3 for elements with Z < 30, i.e. up to Zn. The principle of 

dE/dx-vs-E has proven its versatility and has yet room for improvement as new 

custom-design materials and miniaturized electronics become available. 
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Figure C.l: Schematic of the detector stack of HIST (after Althouse et al. 1978). 
This drawing is not to scale. Ml and M2 are 50 /im thick position-sensing SSDs. 
Each has 24 parallel strips on each side of the disk (arranged orthogonally), thus 
forming an x-y matrix. Signals from Ml and M2 give 6, the incident angle of the 
particle, which is used to correct the path lengths in the subsequent detectors. 
Detectors Dl, D2 and D3 are circular-disk SSDs, but each of D4 to D9 has two 
parts - the central area (dark blue) is for particle detection and the outer ring (red) 
serves as anti-coincidence shield. A legitimate event in any detector would require 
coincidence with all preceding detectors and not triggering any of the outer rings 
(red). The sensitive area (dark blue) of each of D4 to D9 is 920 cm^. The thicknesses 
of D4 to D9 range from 1700 to 6000 //m. The sample trajectory indicates a particle 
incident at 6 and stops in D7. From the pulse heights sensed by the detectors 
traversed, the particle is uniquely identified. The number of coincidences - number 
of detectors triggered - effectively eliminated random noise. 
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