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ABSTRACT

Exploring the Origin of Coronal Mass Ejection Plasma from In Situ Oleyvations of
lonic Charge State Composition

by
Jacob R. Gruesbeck

Co-Chairs: Susan T. Lepri and Thomas H. Zurbuchen

Solar wind ionic composition measurements are powerful tools in disoimating be-
tween di erent sources of solar wind as well as identifying interplatery coronal mass
ejections (ICMEs). First, we present a new charge state evolutianodel which esti-
mates the coronal electron environment frorm situ ionic composition measurements.
The coronal electron pro le is not well measured, as direct obseons are di cult
to obtain due to the extreme heat and radiation near the sun. Usinthis model,
we show that the unique bi-modal charge states, observed in their charge state
distribution, may be a direct result of the heating and expansion chacteristics of a
coronal mass ejection (CME). We next turn our attention to verycool charge states
which are sometimes observed concurrently with hot charge statduring ICMEs. We
show that these observations are a result of simultaneous obsdions of hot plasma
and the remnants of an embedded prominence within the same ICME.

We then use the charge state distribution to explore the origin of guathermal
plasma observed during ICMEs. Suprathermal plasma is known to ke impor-

tant seed population for solar energetic particles (SEPs) which aaecelerated at the

XViii



CME-driven shock, but the plasma which is being accelerated to theisrathermal
energies is not well understood. Using situ measurements from the Suprathermal
lon Composition Spectrometer (STICS) onboard the Wind spaceait and the Solar
Wind lon Composition Spectrometer (SWICS) on the Advanced Congsition Ex-
plorer (ACE), we compare the suprathermal ionic composition to # bulk solar wind
plasma during ICMEs. We present a comparison of suprathermal moand oxygen
to the co-located bulk plasma distribution during ICMEs as well as théulk plasma
upstream of the CME-driven shock. This is one of the rst studiesd present the
suprathermal composition of heavy ions observed in ICME plasma. eVnd that
there is a strong correlation between the suprathermal plasma é@rthe co-located
bulk plasma and not with the upstream bulk plasma. This implies a local aelera-
tion mechanism is energizing the local bulk plasma to suprathermal engies and not

due to shock acceleration acting on the heliospheric plasma upstreaf the ICME.
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CHAPTER |

Introduction

lonic composition is one of the most fundamental properties of plaas and ener-
getic particles in the heliosphere. Compositional characteristics gquide information
about the origin, and transport properties of plasmas. Additionallycompositional
di erences provide unique patterns to identify the relative importace of the physical
process at work Geiss et al, 1995;Dayeh et al, 2009; Hill et al., 2009). It is par-
ticularly important to apply compositional signatures to tools to theorigins of space
weather - perturbations originating from massive ejections of plags and magnetic
eld from the Sun, and also the origin of solar energetic particled €pri et al., 2001;
Tylka et al., 2005;Zurbuchen and Richardson2006). Using these unique capabilities
provided from the ionic composition of plasma we will explore the earlyomnal en-
vironment associated with heliospheric transients as well as invesitg the potential

seed population of energetic particles.

1.1 Coronal Mass Ejections

Coronal Mass Ejections (CMESs) are the rapid and explosive eruptie of coronal
plasma entrenched in magnetic eld. They are massive events whichrcact as a
signi cant loss mechanism of plasma and magnetic ux from the SunLow, 1996;

Webb and Howarg 2012, and references therein). For a CME to escape the gravita



tional pull of the Sun, they require a great deal of energy. Largk&ngle Spectroscopic
Coronograph (LASCO) Brueckner et al, 1995) observations have shown that erupt-
ing CMEs can have an average initial energy of 10?° ergs (ourlidas et al., 2010).
A CME most likely receives this energy from the solar magnetic eld. Fhkiemer-
gence and surface ow can act to stress the stable equilibrium of ackd magnetic
ux rope, which if stressed enough can lead to an explosive ejectiohcoronal plasma
(Forbes et al, 2006). Their rate of occurrence is directly tied to the solar cycleyith
ejections occurring nearly 10 times more frequently during solar ianum than near
solar minimum (Gopalswamy et al.2004). Their release may actually be tied to the
solar cycle variation, through the more tangled and complex magnetelds observed
during solar maximum (Riley et al., 2006;0wens et al, 2008).

CMEs have been remotely observed erupting from the sun since tearly 1970's,
by early coronagraph observations fronskylab(MacQueen et al. 1980, 1974). Since
then, CMEs have been further investigated using remote obsetis from a variety
of instruments on board the Solar and Heliospheric Observatory @&O) (Dere et al,
1997;Wiik et al., 1997), Solar Terrestrial Relations Observatory (STEREO)Harrison
et al., 2008) and the Solar Dynamics Observatory (SDOP@tsourakos et al.2010), all
measuring the emissions from a vast array of wavelengths. WhiteHigobservations
of CMEs have also been produced from instruments such as the L&S, as seen in
gure 1.1. From all of these di erent remote measurements, it habeen seen that
CMEs are closely associated with enhanced plasma heating and eretipn during
their ejection from the corona. Additionally, heating of the CME plama is also
further observed in the extreme ultraviolet (EUV) and soft X-rayemissions Krucker
et al., 2010). This heating is often related back to ares, which can occuuring
and immediately after the eruption Harrison, 1995;Vsnak et al., 2005), as well as
the reconnection processes occurring back at the Suryfich et al, 2004). Energetic

particles produced from these events are often observed in theservations of soft



2000/02/27 06:42'

Figure 1.1: LASCO C3 coronagraph showing the three part structe of a CME.
Noticeable in the image is the bright leading front, the dark cavity, ad
the bright core in the center of the ejecta. Adapted from similar grre in
Riley et al. (2008).

X-rays (Dauphin et al, 2006), hard X-rays Go et al., 2005;Temmer et al, 2010),

and gamma-rays Lin et al., 2003).

CMEs are often observed to have three distinct components wheserved in
coronagraph images. For example, the CME observation shown inuge 1.1, shows
the bright leading front, the dark cavity, and the bright core (lling and Hundhausen
1986, 1985). The bright front may be composed of the compredgdasma that has
been swept up by the ejecta or was present in overlying magneticlds above a ux
rope before the eruption. Once ejected, the CME pushes this samnding plasma out
with it, compressing it as more and more plasma piles up in front of thevent. The
dark cavity is a region with very little plasma and dominated by strong ragnetic eld.
The cavity may be the result of an entrenched ux rope in the CME. ially, the bright
core is a dense plasma dominated by very cool temperatures. @ft¢his feature is
interpreted as embedded prominence material con ned in the CMERpuillard, 2011,

and references therein). This three-part structure is obsemyen nearly 70% of all



CMEs observed in coronagraphsMunro et al., 1979;Webb and Hundhausenl1987;
Gopalswamy et al.2003).

Prominences have been observed to erupt along with CMEs in Thongpsscattered
white-light coronagraphs (e.gGosling et al, 1974). Solar prominences are large loop-
like structures, with lengths up to 100,000 km or more, that can bauspended above
the Sun for long periods of time, sometimes up to months. Even thgh they are sus-
pended in the hot coronal environment, they are observed to rede in visible light,
indicative of cool plasma and even neutral gasTéndberg-Hanssen1995). During
eruption, the prominences have been observed to undergo hegtiCiaravella et al,
1997, 2001), but are still observed to exhibit very low-charge iois remote observa-
tions out to 3.5 solar radii (Akmal et al., 2001;Ciaravella et al, 2003). Prominences
are believed to be an important component for the eruption procegor some CMEs.
One eruption model describes prominence as a gravitational anchpreventing the
magnetic ux rope from erupting (Low et al, 1982;Low, 1999). Gravitational forces
will act to drain the plasma from the prominence, disrupting the fore balance be-
tween the gravitational anchor of the prominence and the magriettension force from
the ux rope. The ux rope can then violently eject from the corora dragging the
prominence with it (Low et al, 2003). Other models suggest that prominences form
around neutral lines, where the surrounding magnetic eld is highlyleared @Aulanier
et al., 2000;Karpen et al., 2001). Prominence plasma is then con ned along these
neutral lines, which they then call lament channels. When reconm¢ion occurs, dur-
ing the eruption of the CME, closed magnetic elds in the corona recoects with
the lament channel allowing the prominence plasma to ow along the eld lines of

the ejecting ux rope (Lynch et al, 2004).



1.2 lonic composition of CME Plasma

lonic-composition measurements are critical in the exploration oboonal plasma
escaping into the heliosphere. The ionic composition of a plasma ddéses the dis-
tribution of ions over all possible charge states throughout a giveastomic species. A
particle in the corona can have its ionization state altered in a numbef ways. An
ion can become ionized by collisional ionization, wherein an electron fidhe ion's
outer shell is lost when it collides with free electrons in the plasma, arekcitation
autoionization, where an electron from the outermost shell is lostuéd to the relax-
ation of an inner shell electron Cowan and Mann 1979;Hundhausen et al. 1968).
The ion can also recombine with free electrons in the plasma througither radiative
or dielectric recombination Hundhausen et al.1968;Ko et al., 1997). The e ciency
of any of these processes is dictated by the density of the freecélen pool and the
ionization and recombination reaction rates, which are dependenh ¢the temperature
of the electrons Mazzotta et al, 1998). When determining the full charge-state dis-
tribution of the plasma, photo-ionization can be neglected as it geradly only plays
a signi cant role for singly charged ions flarsch et al, 1995).

Very low in the corona, the time-scales for both recombination and nzation
are much shorter than the expansion time-scales of the plasma. é'lexpansion time-
scale of the plasma describes the length of time a parcel of plasma taadapt to the
local thermal environment. When the atomic physics scales are niushorter, then
the ions are approximately in ionization equilibrium, meaning the ionic disibution
would re ect the local electron temperature. However, as the pdana propagates
further away from the corona, its ow velocity begins to increaseral the volume
expands, which in turn causes the density to rapidly decrease. Thisduction in
density leads to an increase in the ionization and recombination timeades, meaning
the plasma takes a longer time to adapt to the surrounding plasma. tAhe point

when the plasma expands faster than its ionization states can adap the thermal
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Figure 1.2: lllustration of the ionization, g, recombination, 7, and expansion, ,
timescales forO®% . The freeze-in location occurs when the expansion
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published in Hundhausen et al(1968).

environment, the plasma is said to become frozen-in. After this pajrihe charge state
distribution remains static (Hundhausen et al. 1968). Due to the inherent atomic
di erence of each element, the freeze-in height can vary widely, tgenerally occurs
within the rst 5 solar radii ( Hundhausen et al.1968;Hundhausen 1972;Bame et al,
1974;Buergi and Geiss 1986;Geiss et al, 1995).

As previously mentioned, once the plasma has become frozen-ire tharge state
distribution no longer evolves as the plasma propagates throughelneliosphere. This
enablesin situ measurements of the charge state distribution to be used as a peoof
the coronal atmosphere, over regions that are not always ablehe directly observed.

The relative abundance of an ionic species is dictated by the temptree and density



of the surrounding electrons. By taking the ratio of the observei situ density of two
adjacent ionization states, we can obtain an estimate of the eleotr temperature at
the freeze-in height of the ions by comparing the ionization and rembination rates.
This is a reasonable assumption in the low corona, when the expansaiftthe plasma
takes a long time and the ions are able to fully adapt to the surroundinenvironment.
For example, if thein situ measurements consist of higher charge states, then this
implies that the plasma originated from a hotter coronal environmen causing the
increased amount of ionization. If, however, the charge statesedower than usual,
then this could imply cooler temperatures. The ionic composition is a perful tool
in understanding the plasma environment of the low corona, which ado further
investigate the acceleration and heating mechanisms of the solar @ias well as the
origination of the heliospheric transients.

The ow velocity of a plasma dictates the expansion timescale, thdrg playing a
critical role in the evolution of the plasma's charge state distribution The expansion
timescale describes the amount of time that the plasma has to adjue the surround-
ing electron environment. When the plasma expands slowly from therona due to a
small ow velocity, the plasma will be able to fully adapt to the surrouning environ-
ment. However, when the ow velocity is large, enabling a fast expaion, the plasma
is not capable of fully adapting, eventually causing the charge statistribution to
remain static throughout the rest of the expansion. Figure 1.2 plstthe competing
ionization and recombination timescales to the plasma's expansion tiscale. At the
point the expansion timescale becomes smaller than the rate of redonation for
the ion, the plasma is said to be frozen-in since the charge state disttion will
then remain static for the rest of the plasma's expansion throughothe heliosphere.
In turn, in situ observed ionic composition is able to estimate the coronal electron
temperatures at the height when the plasma freezes-in.

The composition of heliospheric plasma is often measured with time-gjht



mass spectrometers, such as the Solar Wind lon Composition Spenteter (SWICS)
(Gloeckler et al, 1992, 1998) on both the Ulysses spacecraf¥/énzel et al, 1992) and
the Advanced Composition Spectrometer (ACE) $tone et al, 1998). Particles enter
this type of an instrument through a de ection system which only allas particles
with a particular energy-per-charge to enter the detector. FOBWICS on Ulysses, the
energy range covered is.06 596 keV/e spanning the entirety of the bulk solar wind
energies. lons making it through the de ection system undergo aopt-acceleration
voltage which speeds the ions up enough to penetrate a carbon fatilthe entrance
of the time-of- ight (TOF) telescope. While passing through the cebon foil, the ion
scatters secondary electrons from the foil, triggering a start sigl for the time-of-
ight determination. After traveling the length of the TOF telescope, the ion hits a
solid state detector (SSD) which measures the total kinetic engrgf the ion. When
the ion impacts the SSD it scatters more secondary electrons, tygring the stop sig-
nal for the time-of- ight calculation. With both the start time and stop time of the
ion, the time the ion spent traveling through the TOF is known. This leds directly
to the ability to calculate the velocity of the ion. With both the total kinetic energy
and the velocity of the ion known, it is possible to estimate the mass tife ion, aiding
in the identi cation of the atomic species. Finally, measurements othe energy-per-
charge, velocity, and total energy of the particle make it possibl@tidentify the ionic
species as well as calculate the phase space distribution of the plasobserved by

the instrument.

1.3 Observations of ICMEs

A CME propagating through the heliosphere is typically referred to @.an Inter-
planetary Coronal Mass Ejection (ICME). ICME plasma has many disct properties
(Zurbuchen and Richardson2006, and references therein) that make discriminating

it from the background heliospheric plasma possible. Studies Bian et al. (2006) and



Richardson and Caneg(2010) have used these features to create lists of ICME plasma
observedin situ by the ACE and Wind (Acufa et al, 1995;Harten and Clark, 1995)
spacecratft.

Figure 1.3 shows data from ACE measured in early 2005, adaptedrfra gure
originally published in Gilbert et al. (2012). During this time period, two di erent
ICMEs were observed, each illustrating a few examples of some of tigpical plasma
indicators. The two ICMEs are bounded by the vertical blue and bla&clines, with
solid lines indicating the start times and the dashed lines indicating thend times, as
determined byRichardson and Cang2010). The top three panels show the usual bulk
plasma parameters, measured from both the SWICS and the Solaril Electron,
Proton, and Alpha Monitor (SWEPAM) (McComas et al, 1998). In the second
ICME, denoted by the black line, we see a decreasing plasma velociecreasing
plasma velocity is typically observed in an ICME due to the expansion tiie event as
it propagates through the heliosphereKlein and Burlaga, 1982;Russell and Shinde
2003;Zurbuchen and Richardson2006). The expansion of the plasma also decreases
the density, since the ICME is magnetically con ned with no signi cantsource or loss
mechanisms for the plasma. This is seen in the second ICME. The protdensity
steadily decreases throughout the duration of the event. As th@lasma expands it,
in turn, will also cool adiabatically(Gosling et al, 1973;Richardson and Cane 1995;
Zurbuchen and Richardson2006), resulting in decreasing bulk plasma temperatures.
Both of the ICMEs exhibit this expected decrease in the proton teperature, with it
being more noticeable in the second ICME.

The next three panels of Figure 1.3 show compositional measurertsenf the
ICME plasma for iron, oxygen, and carbon, from the SWICS instruent on ACE.
Charge states indicative of hot plasma temperatures, such as #®experienced by
the ICME during the ejection process, have been shown to be aatg indicator

of ICME plasma (Hirshberg et al, 1971;Bame et al, 1979;Fenimore, 1980;Henke
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10



et al., 2001;Lepri et al., 2001;Rodriguez et al, 2004;Lepri and Zurbuchen 2004).
During the ejection process, as we have previously discussed, Cldiasma can be
heated by reconnection. This heats the plasma to higher tempeuaes, which is
then observable in the hot charge states of all three species appeg during the
rst ICME, bounded by the blue lines of Figure 1.3. In addition to hot iaic charge
states, there have also been a very small number of ICMEs obsatvwith cooler
charge state composition Gosling et al, 1980; Zwickl et al, 1982; Gloeckler et al,
1999;Skoug et al. 1999;Lepri and Zurbuchen 2010;Gilbert et al., 2012). These have
been explained as direct observations of the very dense cold proempe that is often
remotely observed accompanying CMEs. An example of this can besdowards the
end of the second ICME in Fig 1.3, where all three atomic species exhiery low
ionization states, indicative of cold plasma temperatures. In additig to the cold
charge states of carbon, oxygen, and iron, singly charged heliurancbe observed
during ICME plasma (Gosling et al, 1980; Schwenn et al. 1980; Gloeckler et al,
1999). These helium observations are related to prominence olvsg¢ions as well.
The bottom panel shows the magnitude of the magnetic eld, as meared by
the Magnetic Field Experiment (MAG) (Smith et al, 1998) on ACE. In both the
ICMEs, we observe an enhancement of the magnitude of the matoeeld during
the ICME time period. This has been shown to be indicative of a MagnetCloud
(MC) embedded in the ICME. An MC is described as a magnetic ux ropehat
dominates the con guration of the magnetic eld in the ICME (Lepping et al, 1990;
Mulligan and Russel] 2001). MCs are observed to occur with enhanced magnetic
elds which smoothly rotate with depressed proton temperatureand plasma beta
(Zurbuchen and Richardson2006;Klein and Burlaga, 1982;Hirshberg and Colburn
1969). MCs only occur in a subset of ICMEsZurbuchen and Richardson2006),
while others have a very complex magnetic eld con gurations, notasily relatable

to a ux-rope structure (Burlaga et al, 2002).
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It is important to remember that ICMEs often do not exhibit all of the features
described inZurbuchen and Richardson(2006). As can be seen in Figure 1.3, the
rst ICME, denoted by the blue lines, show expected hot charge ates but do not
show the typical bulk plasma parameter characteristics. The invee is true in the
second ICME, denoted by the black lines. The bulk plasma density, leeity, and
temperature all decrease throughout the duration of the ICME @l to expansion, but
the charge state composition does not exhibit ionic states indicativef hot plasma
temperatures. Instead, the plasma shows cold plasma ionic statesards the end of
the time period. This is not unexpected, ag situ observations are only taken along
the path the spacecraft takes through the event. This ends upeing a very small
observation of a very large structure. Through the advent of ate-of-the-art models
and multiple spacecraft observationsin situ determinations of the global structure
have begun to be exploredReinard et al., 2010;Lynch et al, 2011;Lepri et al., 2012,
Reinard et al, 2012) using ACE, Ulysses, Wind, and the STEREO spacecrafts.

1.4 CMEs and Space Weather

As previously mentioned, ICMEs are very large ejections of solar plaa and
magnetic ux from the surface of the Sun. It is not surprising thenthat they are
a primary driver of space weather events near Earth. ICMEs whicimpact Earth
have been observed to be a possible cause of non-recurrent gagpratic storms. A
geomagnetic storm is a period of time when the magnetosphere bees intensely
energized causing an enhanced convective electric eld. This occuvhen an ICME,
or some other strong heliospheric feature, compacts the magogphere which then
can trigger a sudden storm commencemen¥éenadhari et al, 2012). The sudden
storm commencement may precede the beginning of the geomagnetorm and is
described as a period of time when the Earth's horizontal magnetield, measured

by surface magnetometers, changes drastically. If the magnetigld lines of the
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ICME are oriented southward, they can then reconnect with the agnetic eld of

Earth, connecting the ICME magnetic eld lines directly to the Earth's magnetic
eld. Plasma from the ICME is then able to precipitate down the eld lines into the

ionosphere, thereby intensifying the aurora and even allowing it toebobservable at
lower latitudes than normal. These eld lines are swept behind the Edr, by the solar

wind, which compresses the magnetotail as they pile up. This incregsreconnection
occurring in the tail, enhancing the amount of plasma owing from thdail back to

the Earth's inner magnetosphere. This plasma ow produces a stig enhancement
of the ring current(Gonzalez et al.1994). This ow of ux and energy transfer in the
magnetosphere is called a geomagnetic storifistrutani et al., 1988;Gonzalez et al.

1994;Koskinen and Huttunen 2006;Gopalswamy 2008).

Figure 1.4 shows an observation, from the ISEE-3 spacecraft, thie magnetic
eld and bulk plasma parameters during a strong geomagnetic stormn August 28
of 1978, as published irGonzalez et al(1994). The geomagnetic storm is noticeable
in the disturbance storm time index,Ds. The Dg measures the variation of the
horizontal magnetic eld at the magnetic equator. When this value aries greatly,
it is indicative of compressed magnetospheric elds and increasedgiourrents. On
August 28, we can see a dramatic drop in thBg reaching nearly 200 nT. Immedi-
ately preceding the geomagnetic storm we observe many of the econon features of
an MC, as described early. Occurring near the beginning of Augus8,2we observe
a large increase in the magnitude of the magnetic eld as well as a snioootation
in the vector components. During the MC we also observe the exped decrease in
velocity and density. Further preceding this, on August 27, we obsve a shock. All
of these are indicative of an expanding ICME, with a preceding driveshock, which
then triggers the observed geomagnetic storm.

Geomagnetic storms can be the direct rami cations of space weathevents on

the Earth's magnetosphere and can cause a variety of hazards hetEarth system.
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Figure 1.4: Magnetic eld and plasma measurements from the ISEE-§pacecraft.
A large MC can be observed on August 27 with the accompanying large
geomagnetic storm occurring on August 28. Figure published iG6nzalez
et al., 1994).
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Enhanced ring currents and increased ux propagating down theusoral eld lines

has direct impacts on the radiation environment along spacecrafrhits which can

then e ect them in a variety of ways. First, the larger ux and currents will increase
the incident radiation which the spacecraft has to endure, poteiatlly damaging crit-

ical components. Additionally, the increased ux will increase the desity of the

plasma that the spacecraft is traveling through. The increase ofedsity will cause
the spacecraft to experience greater atmospheric drag during ifravel. The altitude

which a satellite orbits at is directly related to its velocity. An increasd drag on
the spacecraft will decrease the velocity of the satellite, which cagreatly e ect the

orbit of the satellite. Skylab re-entered the Earth's atmosphereagly due to increased
drag on the spacecraft from a storm@ompton and Benson 1983). Finally, the en-
hanced ux may cause the spacecraft to become charged. As ma@iectrons impact
the spacecratft, they can become embedded on the satellite in@ieg the potential on
the vessel. A strong potential on the spacecraft can result in ang of the components
which damages the spacecratft.

The e ects can be felt on the surface of the Earth as well. The enheed currents
occurring in the ionosphere during geomagnetic storms can inducerrents on the
surface of the Earth. Oil pipelines, electrical grids, and communittan grids can all
become damaged by the induced currents. The blackout of 1981 imépec, Canada
was caused by a geomagnetic storm. The induced currents blew gitdbreakers,
melted transformers, and heavily overloaded the entire system. hh& entire system
failed for nearly 9-hours as a direct resultBoteler et al, 1998).

Finally, geomagnetic storms can cause radiation hazards to humathsring space-
ight or onboard planes ying over the poles. Aircraft y at high altit udes, into the
stratosphere, when they y over the poles. This takes the aircfainto the region
where the ux precipitates down polar eld lines, causing them to exgrience a much

larger dose of radiation than ights at lower latitudes. During geomgnetic storms
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the dose of radiation for both space travelers and polar ight passgers is greatly
increased Singh et al, 2010). This can increase the risk of radiation sickness and
even cancer for these individualsReitz et al, 1998;Cole, 2003).

ICMEs have other impacts other than just causing geomagnetic sims of the
magnetosphere, they can also drive interplanetary shocks (IPygeeding the events.
ICMEs often travel at velocities greater than the local magnetseonic speed causing
the shock to form urbuchen and Richardson2006; Corona-Romero et al, 2012).
Figure 1.5 shows an illustration of this driven shock. Upstream of thlCME we
see the driven shock. The region in between the ICME and the shoikcalled the
sheath. The sheath consists of piled up shocked heliospheric plasthat is being
pushed through interplanetary space by the event as well as caed plasma which
gets pushed out during the ejection of the CME. Sometimes a resershock can also
be observed to form behind the CME, occurring with events that aginate from high
latitudes (Gosling et al, 1988, 1994). Their cause is not fully understood yet, but
they may be formed by the over-expansion of the ICMEGosling et al, 1988, 1994),
or from the interaction of de ected slow and fast wind streams in té rear of the
ICME (Manchester and Zurbuchen2006).

These ICME driven shocks are one possible source of Solar Eney@articles
(SEPs) (Reames 2013, and references therein). SEPs are particles with energies
ranging from hundreds of keV all the way to GeV. The shock prodes these particles
through di usive shock acceleration. Particles can gain energy ahscks through
adiabatic heating in the compressed plasma downstream of the skoduring dif-
fusive shock acceleration particles experience these compressionltiple times if
they become magnetically bottled between the turbulent magneticeld upstream
and downstream of the shock. Particles that are energetic endugan then bounce
back and forth across the shock, continually gaining more energgah time it becomes

heated in the compressed region. Eventually the particles will gain @mgh energy
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Figure 1.5: lllustration of the ICME-driven shock directly precedinghe event. The
plasma in between the shock and the ICME is referred to as the shiea
Adapted from Corona-Romero et al.(2012).
that they escape the shock front altogether, leaving the regionithh much greater
energies Drury, 1983). Bulk particles are not necessarily mobile enough to jump
across the shock multiple times, but the suprathermal particles rgabe. By com-
paring compositional measurements of the SEP particles streamifigm the ICME
to the suprathermal plasma composition of the ICME, it has been gkrved that the
two plasmas are related Pesai et al, 2006;Mewaldt et al, 2006). The suprathermal
plasma may be a very important seed population for the SEP particleshich are
accelerated by ICMEs.

Energetic particles from ICMEs can also pose problems for spaadtin the helio-
sphere. They can be caused by the SEP mechanism, as previouslycdbed, or can
be produced in the are and reconnection sites during the ejectiasf the CME. They
can negatively e ect many instrument measurements as they safaite detectors with
increased noise. One example of this, is the particle "snow" that ags in LASCO

coronagraph images just after the observation of a CME ejectioffhese particles can
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also damage spacecraft, as the most energetic ions can travabtigh the radiation
shielding protecting critical components, such as onboard memoayd the computer

systems, and damage themLérson and Wertz, 2005).

1.5 Suprathermal Particles

Heliospheric suprathermal particles are composed of ions rangingeimergies from
1 keV to > 100 keV. Figure 1.6 shows a long term accumulation of a distribution
function of heliospheric protons measured by Ulysses/SWICS ne€aAU. The distri-
butions are not Maxwellian, but exhibit two additional contributions. The rst one
is coming from interstellar pickup ions - interstellar gas penetrating to the helio-
sphere and being ionized and picked up by the expanding magnetic el@he second
contribution is a near power-law expansion referred to as a supharmal tail that
consist of particles that have been accelerated to energies gegahan both the solar
wind and the pick-up ions. It can be seen that the the suprathernmhglasma occurs
at much lower densities than the normal solar wind, nearly a factorfd0° smaller on
average. Particles from all of the usual solar atomic species haweh observed with
suprathermal energies, with compositions re ecting that of theadar wind (Mason
et al., 2012). Particles with these energies can be an important seed ptation for
even more energetic particles, as they can more easily be accetstab even higher
energies than the bulk solar wind plasma. Suprathermal ions are kmo to be further
accelerated at co-rotating interaction regions (CIRs)Mason et al, 2012), as well as
other IP shocks, as one mechanism for producing SEPB/lka et al., 2005;Reames
2013). The phase space distribution of the observed supratheiail has the form
of a power law, as seen in gure 1.65isk and Gloeckler 2006, 2007 Gloeckler et al,
2008).

The acceleration responsible for suprathermal particles has beeidely debated,

with two processes being the most discussed, namely di usive shaatceleration and
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Figure 1.6: Long duration accumulation of the proton distribution function observed
during slow solar wind. The three main populations of the proton dis-
tribution are denoted. Observations made by Ulysses/SWICS. Fige
published inFisk and Gloeckler(2007).

stochastic acceleration such as the pump mechanisfigk and Gloeckler 2012a). Dif-

fusive shock acceleration has long been associated with energedidiple acceleration,

including being invoked in an attempt to understand the origin of the gprathermal

plasma @ell, 1978; Blandford and Ostriker, 1978; Drury, 1983;Lee et al, 2012).

Jokipii and Lee (2010) andGiacalone (2012) have both proposed that IP shocks can

accelerate the local solar wind plasma up to the suprathermal eggrregime using

a di usive shock acceleration mechanism. The bulk solar wind particlesxperience

scattering across the shock front, causing them to bounce baakd forth, continually

experiencing the shock potential and increase in energyisk and Gloeckler(2012a)
have argued that the e ciency of solar wind particles being acceletad by the shock is
too low to account for the propensity of the common spectral inden the suprather-
mal population. In order for the particles to bounce back-and-fth across the shock,
they must have initial energies greater than the local thermal vetity. This enables

the random motions of the particles to di use back and forth acrasthe shock.
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Instead they argue for a pump mechanism, in which particles expeanee expan-
sions and contractions in the local plasmaHisk and Gloeckler 2008, 2012a). When
the local plasma becomes contracted it undergoes adiabatic heatinvhich energizes
the plasma. Conversely, expansions causes a decrease in theativenergy of the
particles. The most energetic particles are able to escape the localmpression re-
gion, before the plasma expands, retaining a higher energy than aththe particle
initial had. As the plasma experiences a number of expansions andactions, the
plasma'’s particles di usive throughout the energy spectrum formigthe suprathermal
tail. These expansions and contractions can come from many placegh turbulence
in the magnetic eld being the most likely source in the heliosphere. Thebustness of
the mechanism has made it possible to employ it in a wide array of applicahs. They
have used the pump mechanism outside of the heliosphere, to atfgno understand
particle acceleration in the heliosheath, producing Anomalous Cosnfays (ACRS)
(Fisk and Gloeckler 2009) and even in interstellar space, producing the Galactic

Cosmic Rays (GCRs) Fisk and Gloeckler 2012b).

1.6 The Suprathermal lon Composition Spectrometer

Suprathermal plasma has been traditionally measured by situ mass spectrom-
eters, such as SWICS on ACE and Ulysses. The de ection systemhbath SWICS
instruments allow particles with an energy up to 100 keV/e to be measured. This
enables the highest energy measurements from these sensorsatople the low en-
ergy portion of the suprathermal tail. These instrument were specally designed to
observe the lower energy bulk plasma. In order to avoid saturatioof the sensors,
the instruments were designed to accommodate the higher densipservations of
the solar wind. This hinders the ability of these instruments to makeaurate high-
cadence observations of the suprathermal tail. Therefore, mastudies have had to

use long time accumulations of the suprathermal plasma, to minimizée statistical
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error of the suprathermal measurements. Instruments havesbn built to speci cally

observe the suprathermal energy regime have begun to be ussagh as the Plasma
and Suprathermal lon Composition (PLASTIC) investigation Galvin et al., 2008) on
the Solar Terrestrial Relations Observatory (STEREO) Kaiser et al., 2008) and the
Suprathermal lon Composition Spectrometer (STICS)Gloeckler et al, 1995) on the
Wind spacecratft.

STICS is a time-of- ight mass spectrometer, similar to SWICS but witout a
post acceleration voltage applied to the incoming particle. STICS mgares particles
with energies between 2 2231 keV/e, enabling full ion composition measurements
focused on the ions in the suprathermal energy regime, produciagsimilar data
product to SWICS. Wind is a spin-stabilized spacecraft with the eldef-view of
STICS oriented perpendicular to the spin axis. This, coupled with tlee distinct
telescopes observing di erent elevation angles, STICS is able to ebg the full three-
dimensional distribution function of the suprathermal plasmaGloeckler et al, 1995;
Chotoo, 1998).

Prior to 2004, the Wind spacecraft focused primarily on observingné interaction
between the heliosphere and the Earth's magnetosphere througharge number of
petal orbits crossing the bow shock. Using a 5 year span of orbitking the spacecraft
into the heliosphere,Posner et al. (2002) discuss observations of low charge state
heavy ions upstream of Earth's bow shock. They found occurresx of these events
as far as 130R. upstream of the bow shock. Additionally, the occurrence of such
events is seen to increase during solar maximum. They conclude thhese events
are produced from substorm activity occurring at the Earth wherthe IMF is such
that magnetic eld lines are able to be mapped from the dayside recoaction site out
to Wind. Posner et al.(2003) builds upon this study by analyzing in greater detalil
one such observation oD* and N* upstream of the bow shock to determine the

spatial structure of the out ow. Using the full 3-dimensional distibution function
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they are able to put constraints on the geometry of the ux tube ontaining these
escaping ions. The petal orbits of Wind crossed the trajectory ttie moon a number
of time, providing a the chance to observe lunar pick-up iongviall et al., 1998).
Observations such as this give insight into the composition of pick-upns from the
lunar source, namelyO*, Al*, Si* and even maybeP*.

After mid 2004, the Wind spacecraft moved out into a stationary dgit about the
rst Lagrange point (L1) in order to continually observe heliosphdac plasma. Before
this though studies have been conducted singing out heliospheric gf@a observations.
(Chotoo et al, 1998) presented a combination of the helium observations fromtho
STICS and the high mass resolution spectrometer (MASS) to spamupicle velocities
of v=wy, 0:8 1.6. They then show that a kappa function produces the best
t to this extended distribution. ( Chotoo, 1998; Chotoo et al, 2000) continue to
combine STICS and MASS observations from the Wind spacecraft a®ll as using
data from the Suprathermal Energetic Particle (STEP) instrumento investigate the
seed population for particles that are accelerated at co-rotatingiteraction regions
(CIRs). This study made a number of important conclusions such ake fact that
suprathermal CIR ions are accelerated in the inner hellosphere amdt the outer
heliosphere as previously believed-isk and Lee 1980). Additionally, in at least one
of the CIRs they investigated they concluded that the acceleratiowas not associated
with a shock mechanism, but instead most likely from a statistical oranpressional

mechanism.

1.7 Science Questions

Compositional measurements have been shown to be powerful distnators of
CME plasma, constraining the origination site of the solar wind, eithestreamer
source or coronal-hole sourcésgiss et al, 1995;von Steiger et al. 2000;von Steiger,

2008). They have also been used to make estimates of the plasmarenment in the
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corona, near the heights at which the ions become frozen-in. Thisgion is important
in the acceleration and heating of the solar wind and the physical press at play
during the eruption of solar transients. However, these processare still not fully
understood, as the ability to make observation of coronal plasma d cult. In this

work, we push the uses of composition measurements further irder to investigate

important questions relating to the origin of observed plasma. Nare

1. What are the characteristic of the early coronal environmentwting CME erup-

tions?

2. What is the origin of the seed population for the suprathermal ptana?

1.7.1 What are the Characteristic of the Early Coronal Envir onment

During CME Eruptions?

During their early eruption, reconnection processes in the coromad plasma in-
teractions with the ambient coronal plasma and solar wind, shapeéfthermodynamic
evolution of CMEs. As a CME erupts, magnetic eld lines reconnect lzk to the sun
closing o both the transient and the solar eld it originated from, thereby dissipating
magnetic energy as well as accelerating particles. Associated witketeruptions, ares
are occasionally observed. Flares and reconnection jets are likebpnsequences of the
magnetic recon guration during the eruption and its subsequentelaxation process.
Compressions of the plasma occurring during the reconnection pess can act to heat
the plasma rapidly after the CME erupts. Further downstream theransient begins
to expand and adiabatically cools. This causes the temperature aw@nsity of the
CME to decrease as it travels through the heliosphere. These diiastemperature
environments that the CME experiences are not without consequee on the ionic
composition. The ionic composition of the plasma can be pushed fuethaway from

the equilibrium distribution. Utilizing the in situ measured ionic composition states,
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we can estimate the early coronal electron environment that theME plasma experi-
ences during the ejection, as well as understand how the uniquearsion properties
of the CME e ect the plasma environment. To address this importanquestion, we
have developed a model for ionic charge states that helps to reldte violent plasma
interactions in the corona and can predictn situ charge states.

First, in chapter Il we discuss the results of the&Gruesbeck et al(2011) study. In
this study, we develop the dynamic charge state evolution modelahwill be used to
recreate thein situ ionic composition using an imposed electron density, temperature,
and bulk ow velocity pro les. Using this model we investigate the corpositional
observations of hot plasma co-located with cooler plasma during I@E4. Doing
this,we are able to place constraints on the electron environment éithe e ect of the
ICMEs expansion on the resulting composition. Chapter Il focusrothe unusually
cool charge states that are sometimes observed in ICMEs. We diss the results of
the Gruesbeck et al(2012) study. Even though we had earlier shown that hot charge
states can be produced concurrently with colder states becaudehe expansion e ects
of the CME, we show that these incredibly cool charge states aretrcapable of being
produced from a single plasma. Instead we determine that thesesebvations are in
fact in situ measurements of both ICME plasma and remnant prominence plasma
Finally, in chapter IV we discuss a few innovative studies that have lea facilitated
by the charge state evolution model. We discuss the studieslandi et al. (2012a),
Landi et al. (2012b), andZurbuchen et al(2012) which uses the charge state evolution
model to constrain the coronal environment where solar wind origates from. We
also discuss the use of the charge state model as a validation tasIMHD solar wind

models and the use of bridging remote observations to situ measurements.
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1.7.2 What is the Origin of the Seed Population for the Suprat hermal

Plasma?

By utilizing the unique ionic compositional characteristic of ICMES, wean explore
the source of the suprathermal plasma observed in an ICME by cearing it to the
bulk plasma upstream of the transient. If the shock is the primary echanism then
the suprathermal composition will resemble that of the unshockgalasma upstream.
However, if a local mechanism is at play, the suprathermal plasma wiesemble
that of the co-located bulk plasma. Either one of these mechanismall have strong
implications on the resulting composition of the suprathermal parties observedn
situ during the event.

To address the acceleration process of suprathermal particlese develop new
data from the STICS sensor, as discussed in Chapter V. We focus two new
analysis techniques, we have developed, to investigate the ICMEpsathermal particle
composition. First, we describe a new accumulation method to prode the phase
space distribution. Typically, we accumulate the observed countsrfa speci ed period
of time and then calculate the phase space distribution. Instead,enhave devised
an accumulation method where the cadence varies in order to acleea minimum
threshold of statistical error in each measurement period.

In Chapter VI, we present the study comparing the suprathermgparticle com-
position to that of the thermal bulk composition during a select numér of ICMEs.
ICMEs events to study were determined using the adaptive cadenmethod in which
the statistical error was the smallest for heavy ion observationsThis is presented
in chapter VI. We nd that the suprathermal plasma is strongly corelated to the
co-located bulk plasma and not very related to the bulk plasma upgtam of the CME-
driven shock. This result has strong implications on the origin of theuprathermal

seed population.
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CHAPTER I

Constraints on Coronal Mass Ejection Evolution

from in Situ Observations of lonic Charge States

The text in this chapter was published in: Gruesbeck, J. R., S. T. Lep T.
H. Zurbuchen, and S. K. Antiochos (2011), Constraints on Corah Mass Ejection

Evolution from in Situ Observations of lonic Charge StatesApJ, 739, 103.

Abstract

We present a novel procedure for deriving the physical propersi®f Coronal Mass
Ejections (CMES) in the corona. Our methodology usem situ measurements of
ionic charge states of C, O, Si, and Fe in the heliosphere and interfge¢hem in the
context of a model for the early evolution of ICME plasma, betweed - 5 R . We
nd that the data is best t by an evolution that consists of an initial heating of
the plasma, followed by an expansion that ultimately results in coolingThe heating
pro le is consistent with a compression of coronal plasma due to arreconnection
jets and an expansion cooling due to the ejection, as expectednfrahe standard
CME/ are model. The observed frozen-in ionic charge states rec this time-history
and, therefore, provide important constraints for the heating ad expansion time-

scales, as well as the maximum temperature the CME plasma is heatedduring
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its eruption. Furthermore, our analysis places severe limits on theopsible density
of CME plasma in the corona. We discuss the implications of our resultsr CME

models and for future analysis of ICME plasma composition.

2.1 Introduction

Coronal Mass Ejections (CMESs) are an important source of plasnaad magnetic
eld in the heliosphere and the drivers of space weather events mdzarth. They are
characterized by the rapid and explosive release of large quantitigiscoronal material
entrapped in its magnetic eld. The rate of occurrence of CMEs is dectly tied to
the solar cycle Gopalswamy et al. 2004) making them one important consequence
of solar activity. Ejections from the Sun are more prevalent duringolar maximum
conditions and occur nearly 10 times less frequentlzppalswamy et al.2004) in the
deepest of the solar minimum.

CMEs are observed remotely in many wavelengths including white-liglatboserva-
tions, by the Large Angle Spectroscopic Coronagraph (LASCOPB(ueckner et al,
1995), for example. Indeed, many CMEs are observed to be closabsociated with
enhanced plasma heating and energization, often relating to arevents during and
immediately following the eruption Harrison, 1995;Vsnak et al., 2005). Extreme
ultraviolet (EUV) and soft X-ray emissions are most often used toralyze such heat-
ing (Krucker et al., 2010). These energization events can release energetic padicle
which are observed in remote observations of soft X-rappauphin et al, 2006), hard
X-ray (Temmer et al, 2010;Go et al., 2005), and gamma-ray I(in et al., 2003).
Energetic particles can further interact with plasma near the Sunn particular near
the chromosphere, and lead to chromospheric evaporation eventWe can directly
observe the heliospheric manifestations of the erupted plasma,etiso-called Inter-
planetary CMEs (ICMEs) which are characterized by speci ¢ plasmaharacteristics

(Zurbuchen and Richardson2006).
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ICMEs are usually associated with magnetically dominated plasma, whiappear
to be approximately in a Taylor state with smooth and near force-te magnetic
elds (Burlaga et al, 1981). ICMEs observed near 1 AU often have bulk speeds
that exceed that of the surrounding solar wind and therefore arassociated with
interaction signatures, such as compressions or shockapbuchen and Richardson
2006, and references therein). Additionally, there are importamtxpansion signatures,
such as steadily decreasing velocity pro les, and depressed protemperatures and
densities Gosling et al, 1973;Richardson and Cane 1995). Unusual charge states
of heavy ions in the ICME plasma is another important signatureBame et al, 1979;
Henke et al, 1998;Lepri et al., 2001;Lepri and Zurbuchen 2004;Rodriguez et al,
2004; Zurbuchen et al, 2003). In fact, these compositional signatures were recently
shown to be more prevalent than initially assumed, making them a povial tool in
ICME identi cation ( Richardson and Cane 2004, 2010).

Figure 2.1, shows the plasma, magnetic eld and compositional signaés of an
example ICME as observed with the Advanced Composition ExploreACE) (Stone
et al., 1998). The steadily decreasing velocity pro le, the low density andepressed
temperatures are all signatures of an expanding magnetic cloudhd ICME is mag-
netically dominated and has the key characteristics of a ux-ropeomn guration.

Figure 2.1G-K show measurements of the ionic distribution of C, O, Sind Fe.
Unusually high charge states in C, O, Si, and Fe are the most importacompositional
signatures of this ICME, and many others; indicative of enhancedalisional ionization
near the Sun. In fact, it has been reported that 50% of all ICMEsx&ibit elevated
charge states in Fe l(epri et al., 2001) and generally, exhibit elevated states in the
other species as well. The oxygen charge distribution, which usuallgaks atO®%* in
the solar wind, peaks atO’*, which is also observed in th&’* =0°" ratio, and has
important contributions of O%". Similarly, carbon charge distributions in ICMEs are

observed to be strongly dominated by ®*, the fully ionized state. The most unusual
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Figure 2.1: Summary of plasma parameters and charge state distriton for an ICME
observed on February 18, 2003 by the ACE spacecraft. From tdp
bottom we show proton velocity ), proton density (Ny), proton tem-
perature (T,), magnetic eld magnitude (jBj), RTN longitude ( ), RTN
latitude (), O”*/O®* ratio, Fe charge state distribution Qr), Si charge
state distribution (Qs;), O charge state distribution (Qo), and Ca charge
state distribution (Qca). The ICME plasma eld begins at the solid red
line, at 0400 UT on February 18, 2003, and ends at the dashed reddjrat
1600 UT on February 19, 2003, where these boundaries were dweiaed
by (Richardson and Cane 2010). It can be seen that the all four charge
state distributions experience an enhancement during the ICME iatval.
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ionic charge state related to ICME plasma is the Ne-like charge statd Fe (= 16)
clearly visible in Figure 2.1H (epri et al., 2001). Similarly, as we will discuss later,
that silicon tends to be observed preferentially with a He-like chargsate, ionized to
Si'?* | as shown in Figure 2.1l.

The exact con guration of the observed ionization state is a ecte by collisional
ionization, from electrons colliding with the ions in the plasma, and exation au-
toionization , where electrons from the outermost shells are lost duo the relaxation
of an inner shell electron Cowan and Mann 1979;Hundhausen et al. 1968; Hund-
hausen 1972). The observed ionization states are an important indicataof the
CME's thermal environment close to the Sun. They are formed thugh a freeze-in
process within 1-5 solar radii (R) (Bame et al, 1974;Buergi and Geiss 1986;Hund-
hausen et al. 1968;Hundhausen 1972). Very close to the Sun, while time-scales for
recombination and ionization are much shorter than the plasma's eapsion time-
scale, the ionization states of heavy ions are approximately in ionizan equilibrium,
re ecting the local electron temperature. Due to the CME's expasion into the helio-
sphere, the electron density decreases rapidly and thus the retmnation time-scale
increases as well. At a given heliocentric distance - depending on thees ¢ char-
acteristics of each ion, and the electron environment - the ionic alige states freezes
in and no longer changes. At this point, the charge-state is said tceb\frozen in."
Due to the characteristic di erences of atomic physics for each ipthe heliocentric
distance where freeze-in occurs varies widely, and simultaneoushserved charge-
state distributions become a sensitive measure for the thermalatution of the CME
plasma near the Sun during the entire radial range where freezeeancurs.

The unique nature of ICME charge states is further illustrated by Kure 2.2,
showing a comparison of a time-period of slow solar wind compositionseloved from
0000 UT to 0200 UT on July 30, 2003 with observation of an ICME fror@200 UT to

0400 UT on January 27, 2003. It is evident from Figure 2.2, that thie is a noticeable
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Figure 2.2: A comparison of the slow solar wind (left) and of ICME plasan(right).
The ICME plasma shows enhanced charge states for all four atorsjmecies
compared to the typical solar wind. Note the bimodal structure offe with
peaks atF el and Fe'®*. For more details, refer to text.

increase in ionic charge states for each element in the ICME plasmangzared to

the typical wind. There is also a signi cant change in the qualitative naure of

the distributions. Speci cally: (1) a signi cant fraction of C becomes fully ionized;

(2) O shows large deviations fronD®*, a He-like charge state that dominates solar

wind measurements; (3) Si charge states are substantially inceea for the ICME

period and peak atSi'?*, the He-like charge state; and (4) Fe transitions into a bi-
modal charge-distribution peaked aroundre'®* and Fe'®*, the Ne-like charge state
discussed earlier. Such bi-modal charge distributions have beereedotally reported
before, but it is not generally known how common they are within ICME.

The purpose of this paper is two-fold. First, we survey ionic charggtates in

ICME plasma to determine the rate of occurrence of bi-modal Fe alge state dis-
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tributions. Secondly, we develop a model to determine physical ciraints for the
ICME expansion especially focused on bi-modal Fe charge state distitions, while
simultaneously, qualitatively re-creating the C, O, and Si observeitns. Using this
methodology, we will develop constraints for the temperature andensity evolution

of CMEs near the Sun.

2.2 Observations

This research is enabled, in part, by plasma observations from coosgition sen-
sors such as the Solar Wind lon Composition Spectrometer (SWICS8h board the
Advanced Composition Explorer (ACE) Gloeckler et al, 1998). These instruments
independently determine speed, mass and charge of incident ionsl #imerefore enable
the measurement of full charge distributions in ICMEs. The time-olutions of these
measurements are limited by counting statistics of incident ions, anare typically
limited to 2 hours for ACE-SWICS. The O™/ 08" ratio is typically measured with
1 hour time-resolution. For each time-period, ions are accumulatezhd analyzed
largely using the methodology described byon Steiger et al.(2000). The analysis of
Fe charge states is rather straightforward because its mass gipaoximately 56 amu
substantially exceeds the mass of other heavy ions of similar abunda in the solar
wind. C and O are the most abundant heavy ions in the wind and are thefore easily
discernible. Our Si measurements currently are limited to chargeases between 8+
and 12+ due to signi cant overlap with other neighboring ions in time-6 ight and
energy space. Using these data, charge-state calculations arecessful approximately
99% of the time. Data-gaps occur due to low counting statistics operational events
on ACE independent of the solar wind plasma and compositional propies.

The analysis of each ICME includes composition data, as well as plasraad
eld observations, as demonstrated in Figure 2.1. The proton momts obtained by

the Solar Wind Electron, Proton and Alpha Monitor (SWEPAM) (McComas et al,

32



1998) are averaged over a 64 second time period. The magnetic eldservations
are provided by the Magnetic Field Experiment (MAG) Smith et al, 1998), aver-
aged over 64 second intervals as well. ICME times and plasma boundarare taken
from Richardson and Cane(2010), which were determined primarily by magnetic
and plasma signatures, while using composition and charge state aab conrm
identi cation.

Richardson and Cane(2004) have previously discussed the observations of gen-
erally enhanced ionization of C and O within ICMEs as compared to solavind of
the same speed. Indeed, such signatures were observed in 7090% of all CMEs
irrespective of their eld con guration. ICMEs associated with a ma@netic cloud
are shown to have a higher concurrence of compositional anomaliean non-cloud
ICMEs.

Here, we focus on the bimodal nature of Fe distribution, generallyith peaks
at Fe® and Fe'®*. Inspecting the ACE data it is easily observed that bi-modal
Fe charge states are often present in ICMEs. However, thesersitures often don't
extend throughout the event. For example, bi-modal distributios are observed in
Figure 1 during the rst 4 hours, from 0400 UT to 0800 UT. The bi-mdal nature
of the ICME is not easily discernable from time 0800 UT untill the beginng of
February 19, but is seen again from then on until the end of the ICEl passage at
1600 UT. In contrast, bi-modal Fe charge states are equally likelyotbe observed
during any time periods within ICMEs.

Figure 2.3 shows ACE observations of a second ICME, observed andary 27
2003, presented in a format identical to that of Figure 2.1. The ICHE boundaries
were once again taken from the study bfrichardson and Caneg(2010).

The plasma composition during this ICME looks qualitatively similar to theevent
shown, in Figure 2.1: All four ionic distributions show signi cant enhanement during

the event leading to higher than average charge states, indicativé# temperature
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Figure 2.3: Summary of plasma parameters and charge state distriton for an ICME
observed on January 27, 2003 by the ACE spacecraft. The ICMHEagma
eld begins at the solid red line, at 0100 UT on January 27, 2003, ant@s
at the dashed red line, at 1400 UT on January 28, 2003. All ionic chge
distributions show a signi cant enhancement during the event. Itan also
be seen that a majority of the Fe distribution displays a bi-modal shze.
Note the qualitative compositional change at time 1600 UT of Janugr
27, when the magnetic eld abruptly changes, denoted by the gold kn
A bimodal characteristic can also be observed in the middle of day 28.
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enhancements. Also, the Fe charge state distribution is bi-modabrfa majority of
the ICME's duration.

It is well known that ICMEs often include identi able sub-parts (Mulligan and
Russell 2001), with each having specic magnetic eld con gurations or plama
characteristics with well-de ned transitions between them. The IME in Figure 2.3
includes such a qualitative transition at time 1600 UT on January 27. fior to this,
the magnetic eld con guration is that of a magnetic ux-rope with the character-
istic suppressed magnetic eld turbulence, and reduced density atfacteristic of a
magnetic cloud Klein and Burlaga, 1982;Richardson et al, 2000; Zurbuchen and
Richardson, 2006). The plasma temperature exhibits some interesting sulrstture
during this time-period. At 1600 UT we observe a distinct transition isible in all
plasma quantities - except for the plasma velocity. After 1700 UThe magnetic eld
is again rather smooth; however, its axis has changed direction.

The compositional signatures appear to re ect this transition as &ll. SWICS
does not have a high enough time-resolution to analyze this changecommpositional
signatures with the same time-accuracy as SWEPAM and MAG, howewthere are
discernible di erences between the compositional signatures befoand after 1600
UT. The heavy ion composition during the rst part of the ICME has substructures
which have qualitative correspondence with variability in plasma tempature. It has
also been argued that this plasma heating is strongly associated witttes (Lepri and
Zurbuchen 2004;Rakowski et al, 2007;Reinard, 2005). Based on this observation,
as well as analogous observations in Figure 2.1, and in many other IEMstudied,
we conclude that compositional structure re ects the plasma-gicture and topology
in ejecta.

An interesting question to ask is,how prevalent are bi-modal Fe dishutions in
ICME plasmas? We address this by surveying all ICMEs from 2000 tilbB7 identi ed

and characterized byRichardson and Cane(2010). For each ICME in this time-
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Figure 2.4: Statistical survey of bi-modal Fe distributions in ICME plama. The bot-
tom panel is a histogram showing the results of the survey. Pert¢age of
total CMEs investigated is the vertical axis, while percentage of birodal
plasma in the CME is on the horizontal axis. The top panel shows a cum
lative distribution function (CDF) of the resulting dataset. This vertical
axis is the probability that a given CME will have at least percentage of
bi-modal Fe in the plasma eld as the corresponding percentage ohet
horizontal axis.

period, the percentage of bi-modal plasma is determined. This pertage is de ned
as the ratio of the time with bi-modal Fe observations divided by thedtal time during
the ICME period during which composition data exist. The bi-modal caracteristic
is assumed to be present if there was a signi cant minimum in the ionic alge
distribution, which includes more than one single charge state. This lits spurious
minima caused by poor statistics in the data.

Figure 2.4 shows the results of this survey, including approximately0@ ICMEs.
Figure 2.4A shows the cumulative probability distribution function (CDF) computed

from 2.4B, which shows a probability distribution of ICMEs according @ the fraction
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that is observed in the bi-modal state normalized to 1. It is immediatg noticeable
that more than 95% of ICMEs in this study include a measurable fraicin of bi-modal
Fe plasma. This nding also indicates that 95% of ICMEs exhibit elevatk Fe charge
states within their boundaries. High charge states in ICMEs are tinefore much more
ubiquitous than reported in previous studies, which indicated thathe prevalence of
high charge states was 50%.€pri and Zurbuchen 2004;Lepri et al., 2001). Using
the CDF plot in the top panel, it can also be seen that 50% of ICMESs havat least
55% bi-modal Fe charge distributions. This bimodal condition is thusofind to be
common in nearly all ICMEs and therefore becomes a critical obsational criterion
for our understanding of thermal properties of all CMEs near th&un.

It has been previously argued that bimodal Fe observations aredhesult of plasma
mixing between hot and cold populations Gibson et al, 2006; Gopalswamy et al.
2001; Rakowski et al, 2007). However, our analysis together with the qualitative
analysis of transitions in ICMEs, suggest that bimodal charge dishutions are an
intrinsic property of a given plasma ow and not likely a mixing signature which
might be more di usive in nature and more focused on speci ¢ boundas and locales
between cold and hot parts of a given CME. Using a simple ionization melg we
show that bimodal charge states can result from a rapidly heatedgsma close to the
Sun, which then cools as the plasma expands moving downstream.th& bimodal
distribution were truly a mixing signature, one would not expect to oberve it nearly
as often as we have shown in Figure 2.2. The nearly ubiquitous preserof some
bimodal material suggests that its distribution is a result of an inhemt property of

the plasma and not a mixing phenomenon.

2.3 Model

The authors have developed a freeze-in code, which solves for thal charge

state distribution of a given atomic species under simple assumptioas a given
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CME's heating and expansion properties. To obtain the relative deitg of a given
XZ

ion,y; = nj=  n;, and in particular, the freeze-in condition, the following continuity
i=0

equation, valid in the rest-frame of the ejected CMEKo et al., 1997), is solved:

%T: Ne(Yi 1Ci 1(Te)  Yi(Ci(Te) + Ri 1(Te)) + Vira Ri(Te)): (2.1)

It is important to note that n; is the number density of charge state of the atomic
species of interest, whiley; is the relative number density. To solve this equation,
the ion-speci ¢ recombination ratesR;, and ionization rates,C;, from Mazzotta et al.
(1998) are used. These rates include electron ionization and aubmization as well as
radiative and dielectronic recombination under the assumption of laly Maxwellian
electron distribution functions, which has been used as reasonalblgproximation in
previous studies Laming and Lepri, 2007, eg). These depend only on the electron
temperature T, and are valid for all temperatures greater than 0K. Photo-ionization
is neglected here, as it plays a signi cant role for only singly and someubly-charged
ions (Marsch et al, 1995).

Equation 2.1 can be solved using a given electron density and temptera history
(ne(t), Te(t)), which can be assumed, or constrained by observations. Thessgm of
ordinary di erential equations described by Equation 2.1 is generallgti as recombi-
nation and ionization rates can vary over many orders of magnituddo address this,
we use a # order Runge-Kutta method that is specially suited for sti equatiors
(Press et al, 2002). For computational e ciency, the method also uses an agéve
step-size. At each time, the method solves for the number densdyan atomic species
ionized to charge stata. We also check the accuracy of the integrator by testing the
condition P yi = 1. Our integrations are accurate to better than 10°.

To model the heating and expansion of the plasma using the equatsoabove, we
calculate the CME bulk parameters at each timé. We examine two types of evolution,

one in which the CME plasma close to the corona is assumed to be in anvated
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temperature and density state and then undergoes a pure adidltaexpansion. We
show below that this evolution is not compatible with the composition da. The
other evolution is one in which we include an initial rapid heating phase wa the
plasma is in the lower corona, and then impose the adiabatic expansiosuch a
heating would be expected from the energy release due to the amronnection that
forms the ejected CME ux rope in the breakout model (e.g.L.ynch et al, 2004).
Since the heating of the ejected plasma is not well-known from rgifinciples
models, we assume a simpl@d hocform for this heating that has the minimum
possible parameters. The plasma is taken to have some initial plasmenperature
To at t = 0, which rapidly increases to a speci ed maximum temperature Thax),
in a speci ed heliospheric distancerges:). Generally, the heating distance is chosen
to be some value between 0-0.B from the surface. In addition to the heating
pro le, some assumption must be made as to the evolution of the d&ty. The
simplest is to allow the density to evolve adiabatically; in other words,hie heating
is due to a pure compression of the plasma. Such a compression iseatj seen in
simulations of CME/ are evolution. The reconnection jets coming otiof the are
current sheet drive plasma compression both in the are loop systeremaining in the
corona and in the escaping CME plasmoid. However, we also expectrto be some
direct heating of the plasma due to magnetic dissipatiothroughoutthe CME/ICME
evolution. This direct heating is highly model speci c; therefore, tkeep our results
in this paper as general as possible, we consider only an adiabatic poession for the
initial heating evolution, as well as an adiabatic expansion for the ajgon. Of course,
given some quantitative model for CME temperature and density elution, it would
be straightforward to use it, instead of the adiabatic assumptiorin our analysis.
Equation 2.2 shows the forms of the temperature and density evtibn that we
use for the initial heating. Note that the model has only four free grameters: the

initial temperature and density, the maximum temperature, and tle radius at which

39



this maximum temperature occurs. This is the minimum possible numbesf free

parameters for any such model.

9

. = =

T(t) = (Tmax To)sin@ UWRsnl Dy, 7, =
max L - 4 [heat =Rsun ] . wherer(t)  rneat: (2.2)

n(t) = nmax m ’

The particular functional form for the temperature evolution, a garter sinusoid,
was used to qualitatively match the rapid heating near the corona,ub its exact
shape is not critical to create bimodal distributions. Additionally it ersures that the
temperature has a continuous derivative, which is necessary foegter accuracy of the
numerical method. The evolution of the density is derived directly &m the adiabatic
expansion formula, assuming a monoatomic ideal gas. After the rdpeating phase,
the plasma cools as its volume expands. Again, the adiabatic equatooouple the
density and temperature evolution. Equation 2.3 shows the equatidhat describes

the evolution of these parameters.

9
n(t) 10 >

Nmax

T(t)
n(t)

Tm ax

S wherer (t) > r heat: (2.3)
Nmax rrhff)l ’

The parameter is an expansion factor of the plasma, typically set to a value
between 2 and 3. The cooling is dependent on the adiabatic index, which is set
5=3, the value for an ideal monoatomic gas. Note that,,x and Ty Occur at the
end of the heating period and de ne the beginning of the expansionaing phase.

Motivated by observational characteristics of CMEs, our modelllaws for a non-
constant velocity pro le of the plasma. It is particularly important to model rapid
acceleration of CMEs near the Sun. CMEs rapidly accelerate to a maum velocity,
which remains nearly constant, much like the velocity pro le of the dar wind (Gal-

lagher et al, 2003). Using LASCO coronagraph images, a linear acceleration das
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determined for some CMEs %t. Cyr et al., 2000). The SOHO/LASCO CME catalog
makes these values available for CMEs when the calculation is possiileour model,
therefore, the CME plasma undergoes linear acceleration from tleerona until the
velocity reaches the observeth situ velocity, from ACE. After this, the velocity is
set to the observed value and remains constant.

Note that the total mass of CME plasma is assumed to be constanudng the
evolution: there is no net gain or loss of particles. Furthermore, abe plasma is
continually ionized, the free electrons remain in our plasma volume. Ehallows the
plasma to experience as much recombination as is possible by the avddaelectrons,
creating quasi-local ionization and recombination. In addition, we & no specic
requirements on the velocity distribution of the electrons. The maa also assumes
that all electrons have a Maxwellian distribution. Additionally, we initialize the
charge state of our plasma from the local thermodynamic equilibriursolution from
the ionization equations discussed earlier. Finally, the computed tgrarature is used
to determine the ionization and recombination rates at each time gte

To study the various physical characteristics of freeze-in within KBEs, we study
a CME with an associated linear acceleration. This allows us to deterngra velocity
pro le. Speci cally, we use a velocity pro le matching the January 272003 CME de-
termined from the linear acceleration $t. Cyr et al., 2000) and ACE observations and
whose velocity pro le is shown in Figure 2.5. We then perform a pararmme study
to understand the temperature pro les that may lead to the obswed characteristics.
To demonstrate the impacts of the various model parameters ohé freeze-in ioniza-
tion rates, we perform a series of combinations of the following theecharacteristics,
which we found to be crucial for this calculation: rapid heating, rapieéxpansion and
an elevated initial bulk density. We want to show that the absence ajne of these
key characteristics leads to qualitative disagreements to the olbgations summarized

in Figure 2.2. The key assumptions of three illustrative calculations arshown in
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Figure 2.5.

First, results shown that include a with rapid heating and rapid expasion, but
with relatively low initial density, close to typical solar wind densities Wilhelm et al.,
1998). Second, results from the case having rapid expansion amdemhanced bulk
density are shown. However, no heating is present and the plasmayocools. Third,
results are shown that include all three ingredients. This is the onlyase that repro-
duces, qualitatively, the observed freeze-in distributions. To detmine the relative
accuracy of these cases, we use the January 27, 2003 eventvehim Figures 2.3;
however, it should be noted that our model is not sophisticated eagh to match the
data quantitatively. We can only to match the general charactertgs of the observed
ionic charges states of heavy ions, such as the Fe bi-modal disttibn.

Figure 2.5 summarizes the basic assumptions for each set of inpub fpes used;
di erent colored lines represent a di erent case. The top panel slws the density
evolution for each model. The second panel shows the temperawevolution. Here,
the red and blue lines are on top of each other, since they both exigace rapid
heating, while the blue line diverges initially. The initial temperature of he cooling
only case was chosen such that it becomes similar to the temperatwurves of the
other cases downstream of the corona. This was done to ensurattany di erence in
results was due only to the near coronal heating pro le and not tory other portions
of the temperature pro le. It is also important to note that the shape of each case's
temperature curve qualitatively matches the shape of its respéet density curve.
This is a result of the temperature and density evolutions being tiedgether by the
adiabatic relation. Finally, the last panel shows the velocity, which is iehtical for
all three cases, as this curve was determined from LASCO and ACBservations of
this particular CME by the method described above. Below, we showé nal charge

state results and evolution for these three model cases.
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Figure 2.5: The bulk plasma parameters for the model run of the Jaary 27, 2003
CME. From top to bottom volume, density, temperature and velocif are
shown. The red line is the case with both fast heating and high density
The blue line is the case with only rapid heating, but a depressed deysit
Finally, the cyan line is the case for no heating of the plasma, only the
rapid expansion of the plasma.
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2.4 Results and Discussion

As discussed in the previous section, we ran our freeze-in and CM&pansion
model for three di erent cases attempting to recreate the chge state observations
from the January 27, 2003 CME (Figure 2.3). The rst case simulatea CME plasma
that undergoes rapid heating near the corona, along with rapid eapsion of its
volume. However, the initial electron bulk density is low, 6 10’ cm 2, which is in
gualitative agreement with nominal solar wind densities at the coron@Vilhelm et al.,
1998). Figure 2.6 shows the resulting charge state distributions folur atomic species
(C, O, Si and Fe) plotted at speci ¢ time-intervals during the expasion. Expansion
times were translated into radial scale using the integrated velocityro le shown in
Figure 2.5.

The bottom four panels of Figure 2.6 show the evolution of the chaggstate
distribution, for each species, from the coronal surface to a distce of 10 solar radii
,R , after which the ionic charge states remain frozen-in for all congtkd cases. In
fact, charge states are generally frozen-in within a distance of 5 RBuergi and Geiss
1986;Hundhausen 1972), and our model agrees with this result showing the charge
states to be frozen-in at a distance of approximately 3 solar radii. fi&r this point, the
charge states distribution remains constant. The top series of pals show the nal
resulting and frozen-in charge state distributions observed at 1A the approximate
location of in situ composition observations. It is immediately apparénbased on the
data in Figures 2.2 and discussed ir 2.2, that the resulting charge states are much
too cool . Without a signi cant density increase over solar wind prdes, the resulting
ionic charge distributions are not su ciently ionized, leaving the chage states of all
the species at values much lower than are observed in ICMEs.

In Figure 2.7, we present the resulting charge state distribution dm the case
with initial high density and initial high temperature which only models the rapid

expansion of an ICME.
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Figure 2.6: The results from the model which includes rapid heating drexpansion,
but with the omission of an enhanced initial density. The bottom setfo
panels show the evolution of the charge states from the coronalface to
a distance of 10 R away plotted for arbitrary instances during the ex-
pansion. For all four atomic species, it can be seen that freeze-iccarred
around 3 R . The top panels show the frozen-in charge state distribution
observed at 1 AU.
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Figure 2.7: The results from the model which includes rapid expansi@md also has
a su ciently large initial bulk density, but omits rapid heating. Format
as in Figure 2.6.
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It is evident that the resulting plasma in this case of pure expansionals more
enhanced charge states for all atomic species than the previous itensity case. The
problem, however, is that the charge states at 1 AU are much hett than is observed.
The C, O, and Si are all essentially fully ionized. The reason is that th@lasma has
simply not had enough time to recombine down to the observed chargtates due
to the rapid expansion and accompanying density decrease. We @dhat the Fe
distribution does exhibit bi-modality, but the peak at F&'®* is much stronger than
that at Fe'®", which does not agree with observations. These results suggdsatt
rapid expansion combined with high initial density may be critical ingreignts for
producing bimodal Fe distributions, but it is unlikely that these two ingedients by
themselves cannot be made consistent with all the compositionaltda

Finally, in Figure 2.8 we present the case where all three ingredientsigh density,
rapid coronal heating, and rapid expansion) are present in the meld

This case also shows a freeze-in behavior comparable to the presioase. Again,
charge states freeze in within the rst few solar radii from the cana, and the model
matches the CME-like states of C and O as well as key characteristiof Si. However,
under this set of assumptions, a qualitatively similar bimodal Fe distribtion results,
creating a consistent set of results under the assumption of a deglensity, temper-
ature and velocity pro le. Speci cally, enhanced C and O charge stas are seen, yet
neither are fully ionized. Additionally, we see enhanced silicon chargates, and two
distinct peaks in iron at F&%* and Fe'%*. The formation of bi-modal iron peaks is
in part a result of high initial electron density and rapid expansion alog with rapid
heating, as can be seen by comparing Figures 2.7 and 2.8.

Figure 2.9 compares the results in Figure 2.6 and 2.8 with representat obser-
vations of the January 27, 2003 CME from 0100 to 1400 hours onnigary 28, which
is representative of the bimodal distribution usually observed.

The top row of charge state distribution in Figure 2.9 shows the reluof the
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Figure 2.8: The results from the model for the case where the plagnis rapidly
heated, experiences rapid expansion, and has a su ciently high initia
density. Format as in Figure 2.6.
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Figure 2.9: Charge state distributions for carbon, oxygen, silicoand iron. The top
row is the nal distribution result from the model in Figure 2.6. The
middle row is the observed ACE/SWICS charge state distribution for
a two hour span of the January 27, 2003. The nal row is the nal
distribution from the model in Figure 2.8.
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model that had rapid heating and expansion, but lacked a high initial ehsity, the
results of the case shown in Figure 2.6. The bottom row, from Figu&8, shows the
result when the density is high and rapid heating and expansion areqsent. We left
out the case shown in Figure 2.7 because peaks are generally in theesplace, and
only the relative number density in the peaks di er. In addition, the Fe distribution
of Figure 2.7 is primarily unimodal. The middle row shows the actual chge state
distribution observations from ACE/SWICS of the January 27, 208 ICME, which
we are modeling here. All the charge states in the top-line are muchwier than
what is observed, while the relative shapes of the results in the both row are in
gualitative agreement with observations, perhaps to a lesser degrfor Si. Silicon
from our model has a single peak, around charge state&* 1%, while ACE observes
a bimodal silicon distribution with peaks atSi®* and Si'?*. Our model results in
a considerable amount ofSi'**; which would be ionized further if the temperature
curve was modi ed slightly to have a shorter heating period. Finally, erimental
issues limiting Si data were already discussed previously and may alsece this
comparison.

In order to test the robustness of our model's code, we veri ed & a population of
hydrogen would be fully ionized, using the assumptions made for thieitd case. It was
found that hydrogen became fully ionized, as expected. Additionallwe repeated this
test for helium. Again, we found that helium becomes fully ionized; hawver, a small
population recombines in theHe™ population, 10 “in relative density. This is due to
the models assumptions, as this small recombination only occurs erthe temperature
of the plasma drops below the range of valid temperatures for theaction rates. As
previously stated, the rates used in the model are valid only for tgmeratures greater
than 10*°K (Mazzotta et al, 1998), however, during the full evolution of our plasma,
the temperature does fall below this value.

We also conducted tests to put a limit on how much the maximum densityan vary
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with the particular temperature pro le chosen. For the third case which successfully
recreated a bi-modal Fe distribution while matching C and O distributias, an initial
electron density of 60 10° [cm 3] was used. By incrementing this value up and
down we were able to determine a range of valid densities resulting iretkre bimodal

distribution, which is 475 10° n. 85 10°cm 3.

2.5 Conclusions

The presence of high charge state ions in the solar wind is known to &su cient
condition for identi cation of ICMESs, and was previously thought to exist in <70%
of ICMEs. The current study reveals that 95% of ICMEs in fact ha® high ionic
charge states, exhibiting bimodal characteristics in Fe. These muags reinforce the
crucial role heavy ion composition signatures play in identifying ICME mterial. The
pervasive nature of the observed ICME charge state charaatgics at 1 AU (Lepri
et al., 2001; Richardson and Cane 2010) suggest a simple and ubiquitous physical
process or explanation. From running a large number of test modgelge conclude that
charge state distributions are powerful tools for constraining #nthermal properties of
CME plasma near the Sun. We nd that bimodal Fe charge distributios can evolve
from a plasma that rapidly expands from a high initial density. We also nd that
bimodal Fe observations and elevated Si observations can only bede consistent
with concurrent C and O data, if the elevated initial density goes tlough a rapid
heating before it cools in the expansion. No further assumptionseaneeded to t
qualitatively these data.

Based on our simulations, we also believe that there is a robustnesshis result.
For example, Neukomm and Bochslel(1996) focus on the evolution of charge state
distributions of heavy ions in closed magnetic structures. Althougthey did not ex-
plore their models at su ciently high temperatures, we see that ceain key processes

are consistent.
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For example, the model suggests the importance of noble gas likearge states,
such as &* and Fe!®*. These ionic states have recombination rates that are substan-
tially smaller than their adjacent charge-states. Thus, these chge-states freeze in
earlier than their adjacent charge-states, such as ¥é. Thus, subsequent cooling of
initially hot plasma will tend to have Fe!®* to remain prevalent, whereas F&* can
further cascade to lower states, such as 14+, 13+, etc. This is¢hinherent cause for
the dual-peaked nature of the observed Fe charge characteiistand thus expected
to be a robust result, independent of the details of the heating ancboling of the
plasma.

We cannot exclude the possibility that other candidate processesich as non-
thermal electron characteristics near the Sun, or more complexautions involving
multiple sources of plasma can achieve similar agreement with obsdivas. We
would argue, however, that the basic plasma evolution derived in thigork - a rapid
compression followed by an expansion - is the simplest and most likelypnation
for the in situ observations. In order to observe F&" at 1 AU, the plasma must
reach fairly high temperatures, several MK, before the radius athich the freeze-in
condition sets in. But if the plasma is in thermal equilibrium at this point, then
the resulting charge states for the lighter elements would be too higt 1AU, as in
Figure 2.7. The only way to avoid this discrepancy is to heat the plasnrapidly so
that the lighter elements never reach their fully ionized state, whilehe iron achieves
high ionization. Furthermore, since the velocity and expansion preapties of CMEs
are fairly accurately known from coronagraph observations, thebserved charge states
distributions impose tight constraints on the plasma density duringtiis heating and
expansion evolution. Too low a density implies that the various elemenhever reach
the observed ionization states; whereas too high washes out thiembdal peak in
iron. These straightforward and compelling arguments demonsteathe power of our

compositional analysis techniques for deriving the detailed propeés of the solar
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origins of space weather fronm situ measurements in the heliosphere,

Note that the evolution determined by our composition analysis: a @d com-
pressive heating to high density followed by expansion cooling is fullyr=istent with
the expected e ects of are energy release on the thermodynas of CME plasma
(Harrison, 1995;Vsnak et al., 2005). These e ects have been discussed by many
authors (e.g.,Can eld and Reardon 1998;Li et al., 2008) and typically relate to re-
connection processes going on near the Swyfich et al, 2004). The upward directed
reconnection jets from the are current sheet are expected twompress and heat the
CME plasma, as derived above. By combining our data and modeling bkegques with
sophisticated MHD simulations @Antiochos et al, 1999;Gombosi et al, 2000;Linker
et al., 1990), we can obtain a powerful tool for the analysis of CMEs artldeir evolu-
tion near the Sun. The computations presented in Figure 2.8 provideedictions of
the presence of certain ions at speci ¢ times during the CME's evolon and should
be testable, especially by forward modeling in which the calculation ohe& charge
state evolution is included in the MHD simulation. A key point is that the \arious
models for CME onset predict di erent locations for the initial heatirg of the coronal
plasma that is ejected into the heliosphere as an ICME (e.d=prbes et al, 2006). Of
course, many of these di erences are expected to be washed duting the propaga-
tion to 1 AU; however, with the advent of composition measuremestnear the Sun
from missions such as Solar Orbiter, our analysis may be able to detene not only
the coronal evolution of CME plasma, but the fundamental mechasm responsible

for the eruption itself.
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CHAPTER Il

Two-Plasma Model for Low Charge State ICME

Observations

The text in this chapter was published in: Gruesbeck, J. R., Lepri, ST., and
T. H. Zurbuchen (2012), Two-plasma Model for Low Charge Statinterplanetary
Coronal Mass Ejection ObservationsApJ, 760, 141.

Abstract

Recent ACE/SWICS observations have revealed that 5% of allin situ observed
ICMEs include time-periods with very low charge state ions found toeébassociated
with prominence eruptions. It was also shown that these low chargate ions are
often observed concurrently with very high charge state iond.épri and Zurbuchen
2010). But, the physical process leading to these mixed chargatsts is not known
and could be caused by either the mixing of plasmas of di erent tempaures or by
non-local freeze-in e ects as discussed I@ruesbeck et al(2011). We provide a de-
tailed and multi-stage analysis that excludes this latter option. We tarefore conclude
that time-periods of very low charge-states are the heliospheriemnants of plasmas
born in prominences. We further conclude that the contemporanasly observed low

and very high charge states are an indication of mixing of plasmas dfetent tem-
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peratures along magnetic eld lines, suggesting that silicon and iromedepleted over
carbon and oxygen in the cold, prominence associated plasma. Thepresents the
rst experimental determination of elemental composition of pronmence associated

plasma.

3.1 Introduction

Violent and spectacular eruptions of solar mass and magnetic elddim the corona
are called coronal mass ejections (CMEs). These explosive transievents have been
remotely observed using coronagraphs since the 1970s, fi®kylab(MacQueen et al.
1974) and their understanding has been further revolutionized kgbservations from
Solar and Heliospheric Observatory (SOHO), Solar Terrestrial Relans Observatory
(STEREO), and Solar Dynamics Observatory (SDO) Dere et al, 1997;Wiik et al.,
1997;Harrison et al., 2008;Patsourakos et al. 2010). CMEs are a key ingredient of
space weather in the heliosphere and near Earth. They are also arpwntant source
of plasma and magnetic elds in the heliosphereHundhausen 1987); their release
is thought to contribute to the solar cycle variation (e.g.,Riley et al,, 2006;0Owens
et al., 2008). Common in many of these coronagraphs is a three-parntstture which
characterizes the CMEs |{ling and Hundhausen 1986). First is the bright leading
edge of a CME, presumably made up of compressed and heated plasniNext is
the dark cavity, a region of less dense plasma dominated by an enbad magnetic
eld. Finally is the bright core, a very dense population of colder plasm associated
with prominence material (Rouillard, 2011, and references therein). Such three-part
structures are observed in coronographs in 70% of all CMEs Gopalswamy et al.
2003;Webb and Hundhausenl987;Munro et al., 1979).

Solar prominences are observed as spectacular bright featureshie corona, often
in a loop-like shape of typical length-scales of 100,000 km or longeredpite being

immersed in coronal plasma of temperatures around 1MK, prominegs radiate visible
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light, indicative of much cooler plasmas and even neutral gas that isidtionally
coupled to the plasmas in these structuresTandberg-Hanssen1995). The arcade-
like prominence eld is associated with magnetic neutral lines in the phasphere
(Antiochos et al, 1994). These structures can be quasi-stable for many monthwit
can erupt into the heliosphere as part of CMEs, and are mostly obised in Thompson
scattered white light of coronagraphs@osling et al, 1974). During these eruptions,
prominence material is observed to undergo heatin@iaravella et al, 1997, 2001).
Yet, emission lines from neutrals and low-charge ions in erupted promnces have
been observed out to B solar radii (Akmal et al., 2001;Ciaravella et al, 2003).

As the CMEs expand and propagate into the heliosphere, becoming iaterplan-
etary coronal mass ejection (ICME), they can be detected usirgvariety of in situ
signatures Zurbuchen and Richardson2006), provided by a number of spacecraft,
such as the Advanced Composition Explorer (ACE), Wind and othersAmong these
signatures, composition measurements have proven to be a partarly powerful tool
in detecting ICME plasma (Richardson and Cane 2004). For the past 20 years,
mass spectrometers, such as the Solar Wind lon Composition Spenteter (SWICS)
on both ACE and Ulysses, have enabled unprecedented observasiaf the composi-
tional signatures of heavy ions with su cient time-resolution to reslve ICMEs and
their substructures (Gloeckler et al, 1992, 1998).

Since the beginning of these observations, there has been a sabal discrep-
ancy regarding the likelihood to observe prominencés situ: 85% or more of ICMEs
exhibit compositional anomalies; they exhibit plasma with very high freze-in tem-
peratures that exceed those of regular solar wind, but only feweicompositionally
cold (Richardson and Cane 2004;Zurbuchen and Richardson2006). The observed
hot compositional anomalies are perhaps the most powerful idewiiig signatures
of ICME plasma. Recently,Lepri and Zurbuchen(2010) found that only 4% of

observed ICMEs contain signi cant densities of low charge state isnLepri and Zur-
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buchen (2010) used a strict set of compositional selection criteria, so thisimber
could e ectively be higher, but it is in any case far removed from the®%6 number of
remote observations.

It is the purpose of this work to quantitatively analyze the observdonal results
by Lepri and Zurbuchen(2010) and also the follow-up study oGilbert et al. (2012) in
the context of a recently developed ionization model. Speci cally, weant to use this
model to constrain the thermal conditions that govern the coraal and heliospheric
evolution of prominence plasma. We focus on the contemporary pe:ce of very hot
and unusually cold ions of the same atomic species within ICME obsetieams. We
will determine if the presence of the cold ions are a result of the coaimherently
experienced by an adiabatically expanding CME or if the cold ions are immdtive of
a cold plasma mixing with hot plasma during the eruption.

The ionization model described in detail byGruesbeck et al(2011) showed that a
dense plasma undergoing rapid heating followed by adiabatic coolingrin expansion,
much like what a are heated CME plasma would experience, recreatbi-modal iron
charge state distributions much like those seen in many ICME plasmdservations,
with two peaks around 10 (1.0 MK) and 16" (7.3 MK). We will expand upon this
and show that- under a set of specic conditions - we can achieve siltaneously

enhanced Fe charges states around 70.4 MK) and 16" (7.3 MK).

3.2 Methodology

Using the freeze-in code fronGruesbeck et al(2011), we are able to simulate
the evolution of the ionic charge state distribution for a given atomicspecies, by
specifying an electron temperature and density pro le as well as ¢hbulk ow speed
of the plasma. The code solves the set of ion charge state contiguggquations de-
scribed by Ko et al. (1997) using reaction rates fromMazzotta et al.(1998). These

equations compute ionic charge states for a given electron denstgmperature, and
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velocity pro le of the plasma as it expands from the corona into the éliosphere. As
with the previous study, we have chosen to model a representaiV\CME with charge
state distributions from ACE/SWICS. Electron density and tempeature pro les were
determined by analyzing numerous iterations of the simulation to ndhe best quali-
tatively matching charge state distribution for carbon, oxygen,iicon, and iron. The
velocity pro le was determined in part by Solar and Heliospheric Observatory/Large
Angle Coronagraph-SpectrograplfSOHO/LASCO) height-time observations of the
CME which we are reproducing $t. Cyr et al., 2000).

Figure 3.1 shows ACE observations of the May 20, 2005 evehiepri and Zur-
buchen 2010) which we chose as a case study for this investigation. PaAeshows
the proton velocity, panel B shows the proton density, and pané& shows the proton
temperature as observed by the Solar Wind Electron, Proton andIgha Monitor
(SWEPAM) (McComas et al, 1998) with 64 second resolution. Panel D shows the
magnetic eld magnitude, panel E shows the longitude of the magnet eld vector,
and panel F shows the latitude of the magnetic eld vector obserdeby the Magnetic
Field Experiment (MAG) with 16 second resolution Emith et al, 1998). Panel G,
H, I, J, and K show the plasma composition data from SWICS. Panel Ghows the
O’ =0Ff" ratio with 1 hour resolution, while panels H, I, J, and K show charge ate
distribution, with 2 hour resolution, of iron, silicon, oxygen, and cason respectively.
The ICME plasma boundaries, determined byrichardson and Cane(2010), are the
dashed red vertical lines. The cold ICME plasma boundary, takendm Lepri and
Zurbuchen(2010), is shown with the vertical solid magenta lines.

As seen in Figure 3.1, the plasma composition during the ICME is much dirent
from that of nominal solar wind observations. It has been previolysdiscussed that
hot charge states are closely associated with ICME plasma obsdivas (Lepri et al.,
2001;Henke et al, 2001;Richardson and Cane 2004). This behavior can be seen in

the plasma composition of the May 20, 2005 ICME observation, asetaverage iron

58



charge state moves fronfre*® to a hotter distribution with a signi cant contribution
from Fe'® . Additionally, oxygen and silicon charge states show signs of elewte
coronal temperatures as each species becomes more ionized. ORHe=0°f* ratio is
elevated during this time period andSi'?* becomes dominant, which is the maximum
observable charge state for silicon. During the time period markedy lihe vertical
solid magenta lines the plasma composition exhibits very low charge t&s indicating
cold electron temperatures in the freeze-in region. Here the peehkarge states drop
from C%", O*, and Fe'®* to C?*, O?", and Fe’*, respectively.

We now attempt to reproduce these low charge state observat®mvith di ering
types of simulations. We rst test whether the observed ionic chge state signatures
can be reproduced by a single plasma undergoing a complicated expan history.
In a rst representative model, initial heating followed by adiabatic ooling for the
CME will give rise to lower charge states; however, the plasma is ndila to produce a
signi cant contribution of hot plasma. A second model will assume it the observed
distributions are the product of two plasmas with distinctly di erent temperature
histories, akin to a prominence and cloud plasma respectively

The resulting charge state distribution after freeze-in of each dhese simula-
tions are compared to our ACE/SWICS observations. Our goal is hdo quanti-
tatively match all observations, but to obtain qualitative agreemets with observed
characteristics. To achieve this, we will score each models' ability teproduce the
ACE/SWICS observations based on their abilities to match a numberfdkey and
de ning features of the ICME observation: For carbon, we will lookor peaks around
C?* and C*"; for oxygen we look for two peaks, one aroun®?* and one at the
helium like O®"; for silicon, we only look for one peak aroun&i® and a broad
overall distribution extending towards higher states; for iron, wdook for two peaks,
one aroundFe’* and one forFe'®*. The scores for each model result are cataloged

in Table 3.1. A score of 1 indicates that the model was able to recreathe feature
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Figure 3.1: ACE observations of the May 20, 2005 ICME. From SWERA, panel A
shows the proton velocity {,), panel B shows the proton density ),
and panel C shows the proton temperatureT(,). From MAG, panel D
shows the magnetic eld magnitude jBj), panel E shows the RTN longi-
tude ( ), and panel F shows the RTN latitude (). From SWICS, panel G
shows theO’* =0°" ratio. The nal four panels, H, I, J, and K, show the
charge state distributions of iron, silicon, oxygen, and carbon ngsctively.
The ICME plasma eld begins with the solid red line at 0300 UTC on
May 20 and ends with the dashed red line at 0200 UTC on May 22, where
these boundaries were determined Hgichardson and Cane(2010). The
cold plasma observation begins with the solid yellow line, at 0808 UTC
on May 20, and ends with the dashed yellow line, at 1208 UTC on May
20. These boundaries were determined kepri and Zurbuchen(2010).
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while a score of 0 indicates that the model was not.

3.3 Single Plasma Simulations

We rst attempt to create the observed charge state distributios using a single
plasma, assuming that the unusually cold charge states are a byduxt of the adia-
batic cooling of the ICME. The electron temperature and density jrles are shaped
similarly to those from the Gruesbeck et al(2011) study; a plasma is initially heated
very rapidly and then cools as it expands. The red curves in Figure 3sBows the in-
put electron pro le which resulted in the closest qualitative match beveen the model
results and the ACE/SWICS observations. Only the rst 20Rg,, is shown, since the
charge state distribution for all the atomic species is frozen-in ergly within this re-
gion and do not change at larger heliocentric radii. The top panel sis the electron
density pro le, the middle panel shows the electron temperatureand the bottom
panel shows the bulk ow velocity of the plasma. The density and teperature are
related to each other adiabatically, as was shown iBruesbeck et al(2011). A hot,
dense plasma was simulated rst, with a maximum temperature of@ 1(PK and the
maximum density of 24 10%%m 3. The velocity pro le is determined by the linear
acceleration calculated from height-time plots observed by SOHOASCO (St. Cyr
et al., 2000) and the 1 AU velocity of the ICME, as observed by ACE. Figer 3.3
shows the initial charge state distribution of the modeled plasma uginan electron
temperature of 1 10°K, along row B, compared to ACE/SWICS observations from
the May 20, 2005 ICME, along row A. Figure 3.4 shows the evolution tfie charge
state distribution during the rst 10 R of the plasmas propagation. We see that the
plasma reacts to the rapid increase of the electron temperaturery quickly. Within
the rst1 5R the charge states are seen to be frozen-in, with the lightest elemse
freezing earlier.

In Figure 3.6, we show a comparison of the model results, along row ® a
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Figure 3.2: Input parameters for the freeze-in code for the multip plasma simulation
over the rst 20 R . The top panel shows the electron density. The
middle panel shows the electron temperature. While the bottom pah
shows the bulk velocity, constrained from the linear acceleration o
from SOHO/LASCO observations for the May 20, 2005 ICME $t. Cyr
et al., 2000). The cold plasma is denoted by the blue line while the hotter
plasma is in red. Only one velocity curve is shown, as both plasmas use
the same pro le.
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Feature Model 1| Model 2 | Model 3 | Model 4
C - peak at 2+ 0
C - peak at 4+

O - peak at 2+

O - peak at 6+
Si-peakat 7+
Broad Si Distribution
Fe - peak at 7+

Fe - peak at 16+
Total 6

=
[ERN

PR RRRPROR

AOOORFRORER
R, RrRrRrRrRPR
DR R RPPRPPRERER

Table 3.1: Summary of the dierent models' reproduction of the May20, 2005
ACE/SWICS ICME observation. A score of 1 is given if the feature is
present otherwise, a score of 0 is given. Model 1 uses a single hospia.
Model 2 uses a single cold-dense plasma. Model 3 uses both the caoltl a
hot plasma combined with a single mixing ratio. Model 4 uses both the
cold and hot plasma combined with a mass dependent mixing ratio. The
Fe’" peak test for model 3 has an asterisk because there is an equally
large peak atFe>* whereas ACE SWICS shows the coldest peak Bte’*

low charge state plasma observation of the ICME at ACE, along row.Aach column

represents a di erent atomic species. Going from left to right we skv carbon, oxygen,
silicon, and iron. The model does replicate some of the features bétobservation.

Notably, we see the higher carbon and oxygen peaks®@f* and O%" as well as peaks

in iron around Fe’* and Fe'® . In silicon we see a broad distribution and a peak

near Si% . What is not reproduced are the cold charge states of carbon aogygen,
which are present in the ACE/SWICS observation. Table 3.1 summags the result
of the eight qualitative tests for this simulation under the model 1 damn. This
simulation was able to reproduce 6 of the 8 features we highlightedjmarily lacking
at recreating the cold lower mass ions.
lonic charge states are known to freeze-in closer to the Sun fowér mass species

(Hundhausen 1972;Buergi and Geiss 1986;Geiss et al, 1995). For example Hund-

hausen(1972) states that the oxygen charge state freeze-in aroun® R while the

iron charge state freezes-in further from the corona, betweéh3 R , with an or-

dering that remains even with more rapid expansionGeiss et al, 1995). In this
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Figure 3.3: Comparison of ACE/SWICS charge state distribution andhe initial
charge state distribution for the modeled plasma. Row A shows the
ACE/SWICS observations from the May 20, 2005 ICME. Row B shows
the initial charge state distribution used for each modeled plasma.
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Figure 3.4: Result from the charge state evolution model using a hatense plasma
for each of the atomic species modeled. Bottom row shows the eviin
of the charge state distribution during the rst 10R after ejection. The
top row shows the resulting 1 AU charge state distribution.

simulation, the low mass species froze-in while the plasma was still vérgt. The

plasma was dense enough to allow ample cooling of the higher mass isgaesulting

in the broader distribution of silicon and iron. Even during the abnorrally cool iron
charge state observations, there is often still a population of her Fe'®*, as can be

seen in Figure 3.6.

A colder-dense single plasma simulation was also conducted in an atggro re-
produce the anomalously cool low mass charge states. The electtemperature and
density pro les are shaped similarly as the previous case, howevérettemperature
maximum is considerably cooler, with a temperature of 110°K , while the density
maximum is greater, with a density of % 10%%m 3. This temperature range is

consistent with the analysis of Gilbert et al., 2012).The dashed blue curve in Fig-
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Figure 3.5: Result from the charge state evolution model using a celddense plasma
for each of the atomic species modeled presented similar to Figure.3.4
ure 3.2 shows the input electron density and temperature pro lesn panels A and
B respectively. The velocity pro le is identical to the previous simulabn and lies
along the red curve in panel C. The cold plasma is initialized with the santemper-
ature and charge state distribution as the hot plasma model. Figurg.5 shows the
evolution of the charge state distribution in the low solar atmosphet The charge
state distribution stays close to the initial state while the plasma apwaches the
maximum temperature. Afterwards, the ions begin to transition taeven colder states
than initially present before freezing in.
Row C of Figure 3.6 shows the result of the colder single plasma simulatioln
all four species, we see much colder distributions than previouslyesein the hotter
plasma simulation along row B. Qualitatively, the carbon distribution lo&s similar

to the ACE/SWICS observation. A peak atC?" and a minor peak atC** are both
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observed in the resulting model distribution. Additionally, the cold paeks ofO?* and
Si®* are also recreated in the model. However, the distributions for oggn, silicon,
and iron are much too cold compared to the ACE/SWICS observatiam The model
fails to recover the observed peak ab®", and the silicon and iron distribution are
much too cold. It is important to remember that the charge state wtribution range
for the model results, plotted in Figure 3.6, are constrained to theharge states that
are resolved in the triple-coincidence measurements from ACE/SWS$. The model
results may have densities in colder charge states; however, doetiis constraint the
plots in row C show only density in charge state bins resolved in the ACEWICS
dataset. Recently, Gilbert et al. (2012) has shown that in these cold charge state
ICME events, singly charged ions are present in double-coinciden8€E/SWICS
observations, consistent with the colder ions the model produceBresently, only the
triple-coincidence dataset will be considered. Table 3.1 summarizégetresult of the
eight qualitative tests under the model 2 column. This simulation onlyecreated 4 of

the 8 features, lacking most of the hotter features.

3.4 Multiple Plasma Simulation

Following a notional model of prominence plasma mixed with hot cloud @ana,
we now use a combination of two di erent plasma simulation results toeplicate the
ACE/SWICS observations. We used a hot plasma, such as one wouldd from are
heating associated with the eruption Reinard, 2005;Lynch et al, 2011), and a much
denser but cooler plasma, such as the prominence material foundtive CME core
(Rouillard, 2011). Figure 3.2 shows the input pro les for both plasma populatis.
These are identical plasma pro les as described in the previous sent To determine
the mixing ratio we perform a linear least square regression. This rhetd calculates
the total di erence squared of the measured charge state digiution to the modeled

distribution for all possible mixing ratios. We then select the mixing rab that
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corresponds to the smallest di erence between the observationdamodel. All four
species were used in the solution vector to determine a single mixingjodo reproduce

the ACE/SWICS observations. The resulting mixing ratio is given in Eqation 3.1.

Qiotat = 0:930 Qcoldpiasma T 0:070  Qnotplasma (3-1)

The resulting combined distribution is plotted in Figure 3.6 on row D. Qukta-
tively, the multiple plasma solution is in agreement with the ACE/SWICS dser-
vations. We succeeded in reproducing low charge state carbonygen, and iron
concurrently with their high charge state counterparts. In the laver mass species,
we are able to recreate a population of doubly charged carbon andygen ions while
concurrently having a hotter population of carbon around 4+ and xygen around 6+.
Table 3.1 shows the results of the features we aim to replicate. Thiagle mixing ratio
simulation's scores are shown under the model 3 column. This modeide to repro-
duce all 8 features, however there is one major discrepancy in tleproduced charge
states and those that are observed. Near the colder peak in therrdistribution we
see that there are two noticeable populations. One is ne&re’", the peak location
we are attempting to reproduce, while the other is aFe>* which is the location of
the cuto for the triple-coincidence dataset. This particular mixing ratio is causing
an over-abundance of cold plasma to occur in the iron distribution. @/interpret this
to be caused by compositional di erences between prominence aridud-type data.

To test this assumption, mixing ratios for each species were detarad using a lin-
ear least squares regression like before, but solving for mixing ratifor each species.
Table 3.2 shows the mixing ratios we determined for each species. Dag¢he small
charge state distribution range observable by ACE/SWICS for siliag the majority of
the modeled cold plasma falls in charge states not delivered in the tript@incidence
data. Therefore, the mixing ratio of iron is used for silicon. Row E in Fige 3.6

shows the resulting charge state distribution using the species dgmglent mixing ra-
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Figure 3.6: Comparison of ACE/SWICS charge state distribution andhe charge
state evolution model results, at 1 AU, for the four dierent atonic
species, carbon, oxygen, silicon, and iron. Row A shows the ACE/3W5
observations from the May 20, 2005 ICME. Row B shows the modelsult
of a single hot plasma. Row C shows the model result from a single cold
dense plasma. Row D shows a combination of the hot and cold plasma
model results using a single mixing ratio. Row E shows a combination
of the hot and cold plasma model results using a mass dependent mixin
ratio.
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Species| Cold Plasma Contribution | Hot Plasma Contribution
Carbon 0.983 0.017
Oxygen 0.955 0.045
Silicon 0.104 0.896
Iron 0.104 0.896

Table 3.2: Mixing ratio determined for each species. The majority ohé cold plasma
modeled for silicon lies outside of the range of silicon charge statesalged
for ACE/SWICS, therefore a mixing ratio isn't able to be calculated. he
mixing ratio determined for iron is used for silicon as well.

tios. Comparing the resulting charge state distribution to that of he ACE/SWICS

observations we see a very good qualitative match. All 8 of the femés we are scoring

are recreated in this model's resulting distribution like in the previousisgle mixing

ratio text. A summary of the scores from our qualitative test aretsown in Table 3.1

under the model 4 column. The cold iron peak no longer shows two pdgtions, like

the previous case. Now, only the peak ne&e’ remains, consistent with our data.

3.5 Discussion

In the previous sections, we have shown that we can qualitatively areate the
observations of anomalously low charge state plasma from the Ma@, 2005 ICME.
Our rst attempts involved modeling two di erent single plasma to teg if the cold ion
observations were a byproduct of the adiabatic cooling of the ICM&s it expands into
the heliosphere. We ran a variety of cold and hot models, with a rangé expansion
pro les, with a result: models based on the temperature history aine single plasma
cannot produce concurrent hot and cold signatures, as obseitve

This result is not entirely surprising when considering the ionization tima scales
for di erent mass ions. During its expansion into space, a given iondezes in once
its ionization time scale becomes greater than its expansion time scaleower mass
species tend to freeze-in closer to the corona, with the freezedistance moving

outwards as the mass of the species increas€eiss et al, 1995;Buergi and Geiss
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1986). In our ICME simulation, the presence of hot plasma requiréeating very early
on in the plasmas expansion history. In this case, carbon and oxygeharge state
distributions freeze-in while the ICME plasma is still heating and therfere re ect
these high temperatures. Furthermore, the plasma density mayeldarge enough to
allow the heavier species to recombine further out, relaxing into lowand cooler
charge states, but successively losing high charge state signasir Thus, we can
conclude that low ionic charge state plasma seen in all four species @GMEs cannot
result strictly from expansion e ects on a single plasma population.i&ilarly, in the
case of the single cold case, the plasma never experiences a hotgmenvironment
to produce ions in the higher charge states, such as those obsenin the ICME
observation.

We therefore conclude that our observations are re ective of éhmulti-temperature
nature of CMEs observed at the SunHouse et al, 1981): Cold ionic charge states
originate in cool and dense prominence plasma. Hotter charge €atcome from
cloud-plasma that is magnetically dominated. Combining these two sdians, we are
able to qualitatively match the ACE/SWICS behavior in all four elemens. These
two plasma contributions mix during their heliospheric expansion, sggsting that
prominence and cloud plasma are on the same eld-lines in the coromagviding an
important clue for the magnetic structure and relation of prominece plasmas and
CME.

Prominences have been described as an important part of the initiah process of
CMEs. One model suggests that prominences can act as an anghmeventing the
bent magnetic ux rope from ejecting (ow, 1999;Low et al, 1982). As plasma drains
from prominences under gravitational pull, the magnetic forces dhe ux rope in the
corona are no longer balanced forcing the CME to erupt, dragginpe¢ magnetically
attached prominence with it Low et al, 2003). Through this process, prominences

canlose 90% of their mass $chmahl and Hildner 1977) as the material drains from
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the loops into the corona. Despite this the prominence plasma is still agni cant
portion of the ICME, accounting for an average of 20% of the mass of the ejecta
(Gilbert et al., 2006). However, this model doesn't predict a mixing of the hot and
cold plasma. During the eruption, a helmet streamer loop is ejected #he internal
ux rope is propelled outward. The reconnection occurs low in the cona, to close
the streamer loop, but does not necessarily connect the streameldlines with the
internal ux rope where the prominence is con ned.

In prominence models byKarpen et al. (2001) andAulanier et al. (2000), promi-
nences form around a neutral line where the surrounding magnetield is highly
sheared. The breakout model ofAntiochos et al, 1999) requires a similar magnetic
con guration. They propose a multi ux system with neutral lines at the boundaries
of sheared ux arcades. Prominence plasma is then con ned in thegions along
these neutral lines, called lament channels. As breakout reconcte®n occurs, the
magnetic eld of the closed corona can reconnect with the lamenthannel, placing
prominence plasmas on the same eldlines as the ux-ropes that abeing formed
as part of the reconnection procesd.ynch et al, 2004). This is consistent with our
observations, which show that prominence and ux-rope plasmageaon the same
eldlines and can therefore mix.

Finally, we have shown that the best match of our model with our olesvations
occurs when each species experiences a di erent mixing ratio. Talll® shows the
mixing ratios that we used. As can be seen, the lower mass speciesarbon and
oxygen are composed primarily of the cold prominence material whilbe heavier
species, iron, is primarily composed of the hot leading edge plasma watlvery small
amount of prominence material. Gravitational forcing will act stromger on these
heavier species than the lighter ones. Countering the forcing frognavity, the plasma
also experiences collisional drag, from ions traveling along the matioeeld from

the corona. However, for heavier species the gravitational ferdominates the force
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from collisional drag. Gilbert et al. (2002) calculated the draining time scales for
both hydrogen and helium in a prominence assuming both of these des were acting
on the plasma. They found that the heavier helium drains much moreuggkly than

hydrogen. This is consistent with our resulting ICME observation. e charge state
distribution of the lighter species is comprised of a larger percen@a@f prominence

material than the heavier species.
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CHAPTER IV

Studies Enabled by the Charge State Evolution

Model

4.1 Introduction

The low corona is a critical location for the heating and acceleratiorf the solar
wind, however the exact mechanisms governing these processessdill in question
(Edmondson 2012). Parker (1958) presented a solution for the propagation of a
supersonic solar wind emanating from the heated solar corona, whiwas then con-
rmed by Mariner 10 observations while traveling to Venus leugebauer and Snyder
1962). It was eventually observed that the velocity of the solar wehis bimodal, also
showing a latitudinal dependence during solar minimum with fast wind @r the poles
and slow wind near the ecliptic pland{ilcComas et al, 1995). These two solar wind
types originate from di erent plasma environments as evidenced lifeir distinct el-
emental and ionic composition observenh situ (Geiss et al, 1995;Neugebauer et a).
2002;Gloeckler et al, 2003). The supersonic solution dParker (1958) has di culty
in creating the observed faster solar wind velocities, therefore @uditional energy
source must be present to further accelerate the solar win@drker, 1965). The ex-
act nature of the coronal heating is not well understood, but is aeatral question

which a number of MHD models are investigating Hansteen and Vellj 2012, and
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references therein). Whatever the cause, if heating occurs &ef the plasma becomes
frozen-in, the rami cations of the energization should be obserdén the charge state
distribution observed in the heliosphere.

The Charge State Evolution model (CSEVOL), discussed in chaptedl and IlI,
has been used to facilitate a number of investigations of the cordnenvironment.
CSEVOL is a powerful tool capable of making estimates of the low @oral electron
plasma environment as a function of height, constrained by situ composition mea-
surements. This technique enables the probing of a region of therSwherein situ
measurements are nearly impossible to obtain. Such estimations bdveen used to
diagnose solar wind modelsl(n et al., 2012;Zurbuchen et al, 2012), bridge the gap
between spectroscopic measurements aimdsitu measurements l(andi et al., 2012b),
and as a tool to increase our understanding of the physical pr@ses occurring close
to the corona (andi et al., 2012a,c,d). Studies such as these can help constrain the
energization mechanisms the corona.

In this chapter, we will discuss in further detail three of these stlies where the
use of the charge state model has played a critical role. First, wallwdiscuss the
contributions from CSEVOL towards determining the e ectivenesf using carbon
charge states as a solar wind diagnostic tool, presented in the syudf Landi et al.
(2012a). Then, we will discuss the study published idurbuchen et al.(2012) where
CSEVOL was used, in part, to investigate the source environment the solar wind.
Finally, we will brie y discuss an innovative use of CSEVOL. Published ithandi et al.
(2012b), we discuss a method to bridge the gap between speataysc observations

of the solar atmosphere andh situ measurements.
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4.2 The E ectiveness of Carbon Charge States as a Coronal

Electron Measure

Gloeckler et al.(2003) has previously shown that the derived coronal electron
temperature, from the O’*=0°" ratio in situ, is anti-correlated to the solar wind
velocity and the derived solar wind type, separating the fast and slowind observed
by UlyssesMcComas et al.(1995). Di erent wind source regions are characterized by
di erent plasma environments which are then re ected in the charg state composition
measuredin situ (Geiss et al, 1995;Neugebauer et a).2002;Gloeckler et al, 2003).
In the study of Landi et al. (2012a), we explore the robustness of tH@’* =0°f* ratio
and the e ects of the dynamic coronal plasma on the charge stabt®mposition.

Landi et al. (2012a) introduced a new analysis technique wherein data is corteer
into audible noise, through a process called soni cation. Applying thisechnique on
composition data measured by ACE/SWICS, we found a strong pedcity in the
C% =C* ratio. Computing the Fourier analysis of the carbon ratio observedver
the mission, we found that its fundamental frequency is 26.9 daysheh corresponds
directly to the typical rotation speed for features on the sun lodad below 45 deg
latitude. Making similar Fourier calculations of typical solar wind type irdicators,
such as the velocity of helium and theD”* =0%" ratio, yields the same periodicity
with a frequency comparable to the solar rotation rate. The Fourreanalysis implies
that the C® =C* ratio is in fact another strong indicator of the type of plasma being
observed, either fast or slow solar windGeiss et al, 1995;Neugebauer et a).2002;
Gloeckler et al, 2003).

The ratio of oxygen charge states is traditionally used to estimatehé coronal
electron temperature at the freeze-in height. CSEVOL was used investigate the
robustness of the freeze-in temperature derived from di erectarbon ionization states.

Since CSEVOL requires a prescribed plasma environment to perfothe calculations,
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Figure 4.1: CSEVOL input pro les of electron temperature, densityand bulk plasma
velocity, provided by the Cranmer et al. (2007) solar wind model. Figure
published inLandi et al. (2012a).

the solar wind model ofCranmer et al. (2007) was selected to provide the electron

temperature, density, and bulk velocity pro les. Figure 4.1, publiséd in (Landi et al.,

2012a) shows the input pro les to CSEVOL from the surface of th8un outto 5R ,

further out from the Sun than the freeze-in height for most ionicgecies. The pro le

displayed was calculated from a magnetic ux tube which had a footjrd in a coronal
hole, yielding fast wind.

The results from the charge state model gives us insight into the lhevior of the
charge state distribution very close to the sun. First, we determ@the freeze-in height

of the charge state distribution for each species by nding the diahce at which each
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species relative abundance is within 10% of its nal frozen-in value.a€h ion species
becomes freezes-in at di erent heights, within rst 5R (Hundhausen et al. 1968).
We found that both the carbon and oxygen compositions were frez-in within 2 R .
Additionally, we observed that the individual ionic species of each elemt became
frozen-in at di erent heights, as expected. The carbon speciegéze-in close to each
other in height, varying between 1.24-1.6R , while the oxygen states freezes-in
further apart, varying between 1.02-1.6R .

These varying freeze-in distances have strong implications on thalaulation of
the coronal electron temperatures. Traditionally, the temperatre is determined by
calculating the ratio of two ions and solving the charge state consation equation,
assuming collisional equilibrium Geiss et al, 1995), which in turn provides an es-
timate of the coronal temperature at the site where the two ion sgzies froze-in.
However, the individual ionic species are shown to freeze-in at diemt distances,
meaning that the traditional coronal electron temperature caldation uses a mix of
ions which freeze-in at di erent heights and di erent temperaturs. To determine the
strength of the e ect of varying freeze-in heights on the calculatl electron temper-
atures, we compare the input electron temperature from th€ranmer et al. (2007)
model, to the electron temperatures calculated assuming collisionuddrium from a
variety of ratios of species ratios as a function of height above tlcerona.

Figure 4.2, published inLandi et al. (2012a), shows the comparison between the
electron temperature fromCranmer et al. (2007), also used as the input for the charge
state model, and the electron temperatures calculated from vatis ionic ratios of
carbon and oxygen as a function of heliocentric distance. The blue ds represent
di erent oxygen ionic ratios while the red lines represent di erent cebon ratios. It
can be seen that both the carbon and oxygen ionic ratios corresubto temperatures
lower than the Cranmer et al. (2007) model temperature at most distances0®* =0°*

matches the initial electron temperature very close to the surfac but it diverges
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rapidly higher in the corona and underestimates the electron temgsure similar to
the behavior of the other ratios. Additionally, we see that the caldated temperatures
from the oxygen ratios vary signi cantly, depending on which ionic sgcies were used.
However, the temperatures calculated from carbon ratios are slar to each other,
regardless of the ionic species used.

lonic ratios have been shown to be strong indicators of solar windpg (Geiss
et al., 1995; Neugebauer et a).2002; Gloeckler et al, 2003), as well as a probe of
the coronal plasma environment where the species become frererfHundhausen
et al., 1968;Geiss et al, 1995). Motivated by the auditory analysis, which concluded
that carbon ionic ratios could be very e ective discriminators of solawind type,
similar to the commonly usedO’* =0°f* ratio, we used CSEVOL to investigate the
behavior of the carbon ion species as they evolve from the corond/e found that
carbon ions tend to freeze-in at heights much closer together thaxygen species.
These have important implications on the accuracy of these ionic fas to calculate
the local freeze-in temperature in the corona. As stated ibandi et al. (2012a), we
conclude that not only can carbon ion ratios be used as e ective inditors of solar
wind type, and thereby the source location of the plasma, but theglso are a more

robust indicator of the freeze-in temperature in the corona.

4.3 Constraints on the Solar Wind

In Zurbuchen et al.(2012) we present a study which in part uses the CSEVOL
model in order to investigate the source environment of the solarivd by match-
ing compositional observations from the Solar Wind lon Compositionp®ctrometer
(SWICS) (Gloeckler et al, 1992) on the Uylsses spacecrafi\(enzel et al, 1992). Slow
solar wind is observed to have much more variability in time and spacedn Steiger
et al., 2010). The mechanism which the slow wind escapes from the closealynetic

eld region into the heliosphere is still in question, but regardless ohe mechanism
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an amount of heating and acceleration must occur to the plasma inehcorona to
produce thein situ observations.

A number of solar wind models, such as those lilansteen and Leer(1995),
Cranmer et al. (2007), andvan der Holst et al.(2010), have attempted to determine
the physical process at play in the heating of the solar wind. Comgpgag in situ
composition measurements from Ulysses/SWICS to results from E8OL we are able
to explore the e ectiveness on these solar wind models in their abilittotmatch the
heating the solar plasma. We used results from a number of curresalar wind models
(Hansteen and Leey 1995;Cranmer et al., 2007;van der Holst et al, 2010) to provide
the electron density and temperature and ow velocity pro les regired by CSEVOL.
Comparisons of the charge state distribution calculated from solavind models to
in situ data illustrates the accuracy in a solar wind models ability to estimatehie
near sun environment, where any energization process would becurcing to the
plasma. The estimated plasma environment will set the observéd situ charge state
distributions at 1 AU, providing a new constraint on solar wind modelsFigure 4.3,
published in Zurbuchen et al.(2012), shows a set of input electron temperature,
density and bulk ow velocity pro les, which were used as input for CEVOL. This
particular pro le was calculated from the Hansteen and Leer(1995) model. The red
curves denote a fast solar wind stream, from a coronal hole, whileet blue curves
denote slow solar wind, originating from a streamer.

Charge state distributions were calculated for carbon, oxygenilison and iron,
for both fast and slow wind solutions from these solar wind models. €kcharge state
distribution evolution was calculated from the corona through the éliosphere to 1
AU. Figure 4.4, published inZurbuchen et al.(2012), shows the resulting evolution of
the fast coronal hole wind using the input pro le from theHansteen and Leer(1995)
model. The bottom row shows the evolution for each atomic specidgdugh the rst

5R . During this period, each element becomes frozen-in and thus ramsconstant
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Figure 4.4: The computed charge state evolution for carbon, oxsn, silicon, and iron
of the fast solar wind pro le presented in Figure 4.3. The top row shes
the frozen-in charge state distributions at 1 AU. The bottom row Isows
the evolution of the distributions throughout the rst 5 solar radii. Within
this range the elements become frozen-in. Figure publisheddarbuchen
et al. (2012).

for the rest of the evolution. The top row shows the charge distrittion for each

species as it would be measured at 1 AU. Figure 4.5 , published4arbuchen et al.

(2012), shows the evolution from a slow wind pro le, also computed/lihe Hansteen

and Leer (1995) model. Figure 4.5 is presented in a similar format as Figure 4.4.

In both Figures 4.4 and 4.5, we see that the charge state distributicfor each
species is indeed frozen-in close to the corona, as is expectddn@hausen et al.

1968). Comparing the top row from both igures, we see the expedtcompositional

di erence between the two solar wind types. In Figure 4.4 we see ththe composition

has a larger distribution of cooler charge state ions, which would b&pected from

the fast wind which originates from the relatively cooler coronal hate(Geiss et al,

1995). Figure 4.5 shows an ionic composition that is representative tmtter plasma
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et al. (2012).
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temperatures compared to the resulting composition modeled fromputs from the
fast wind model. Hotter plasma such as this is expected, as slow stnger-type wind
is strongly correlated to hotter charge statesvon Steiger et al. 2000). Next, we
compare the model results to Ulysses/SWICS observations. Twour accumulations
of the Ulysses/SWICS data are used, separating the measurerseimto coronal-hole
type and streamer type based on the carbon and oxygen compasit (von Steiger
et al., 2010).

Figure 4.6, published inZurbuchen et al.(2012), shows the Ulysses/SWICS com-
position observations from coronal-hole wind along with the resultsdm the charge
state evolution using fast wind pro le from theHansteen and Leer(1995) solar wind
model. Panel A shows the comparison of the helium velocity/() to log(O’* =0°f*).
Panels B, C, and D show the average charge state of carbon, silicand iron, respec-
tively, versuslog(O’* =0°f*). In these three panels, the blue triangle on the left of the
plot represents the average charge state calculated from theache state model. It can
be seen that the average charge state from the model solutiondemestimated the com-
position when compared to the observations. In other words, theolar wind model's
freeze-in temperatures are much cooler than those observeahfirthe Ulysses/SWICS
measurements. Using the oxygen ratio as an example, the fre@zéemperature from
the model is estimated to bel; = 0:65MK while the temperature calculated from
the data is aroundT; = 1:1IMK (Zurbuchen et al, 2012). Comparing the model's
freeze-in temperature to the input electron temperature pro leshown in Figure 4.3
along the blue curve, we see that the estimated temperature frotine oxygen ratio is
much cooler than the pro le used as input to CSEVOL. This discrepasy is caused by
high speeds in theHansteen and Leer(1995) model close to the corona. The plasma
is moving too fast for the evolving charge states to adapt to the elgon environment
(Zurbuchen et al, 2012). A similar comparison was conducted using the solar wind

models ofCranmer et al. (2007);van der Holst et al.(2010) and the same result was
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Figure 4.6: Ulysses/SWICS observations of the ionic composition iof situ fast so-

lar wind compared with the charge state composition computed frothe
Hansteen and Leer(1995) model. Panel A shows théog(O’* =0 obser-
vations versus the velocity of heliumVe). Panels B-D show the average
charge state for carbon Qc), oxygen Qo), and iron (Qre), respectively,
each versudog(O’*=0°*. The average charge state determined from the
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observed. The model's charge state composition was cooler thamtlof the Ulysses
observations.

Figure 4.7, published inZurbuchen et al.(2012), shows a comparison of compo-
sition measurements from Ulysses/SWICS to the charge state maldesults for slow
streamer wind, in a similar format to Figure 4.6. In panels B-D, the avage charge
states from the evolution model are denoted by red triangles ondheft side of the
plots. Once again, in panels B and C, we see that the charge statatcalated from the
Hansteen and Leer(1995) model are cooler than those observed by Ulysses/SWICS.
Panel D however shows that the modeled iron charge state is acliyan good agree-
ment with the observations. Once again, the calculated freeze-iamhperatures from
the model charge states, of carbon and oxygen, is less than tmeekze-in tempera-
ture calculated from the data. For oxygen, the model estimates @mperature of
T = 0:85 MK while the data estimates temperatures rangind; = 1:3 1.7 MK
(von Steiger, 2008). The iron temperature determined from the model is compble
to the data, both around Ty = 1:1 MK. Carbon and oxygen charge states freeze-in
much closer to the sun and, in the model, are moving too fast to adafp the sur-
rounding environment before freezing-in4urbuchen et al, 2012). The iron state,
which freezes-in further from the Sun Geiss et al, 1995), coupled with the slower
velocity of the streamer wind model, has time to adapt to the enviranent and re ect
the Ulysses/SWICS observations. This same result was observesing a number of
di erent solar wind models as the input to CSEVOL.

Comparing the CSEVOL results from a number of solar wind models tché
Ulysses/SWICS observations we nd that the resulting charge sta distributions from
the solar wind models tend to underestimate the composition of thdgsma, consist-
ing of cooler ions than those observenh situ, for both coronal-hole and streamer
wind. These cooler ionic compositions are not due to the temperatuof the corona

calculated from the solar wind models, as these tend to be within theles that are
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calculated from composition observations, namely 1 MK. More likely, the early
coronal ow velocities predicted by the solar wind models we consider (Hansteen
and Leer, 1995;Cranmer et al, 2007;van der Holst et al, 2010) are too high. This
causes the plasma to ow quickly out of the corona leaving little time fothe charge
states to adapt to the environment. In turn, the charge stateslistributions predicted
would re ect a distribution frozen-in deeper in the corona than whiis observed to

occur (Zurbuchen et al, 2012).

4.4 Bridging the Gap Between Spectroscopic and in situ

Measurments

CSEVOL, up to this point, has been used with prescribed electronrgerature,
density, and ow velocities, determined either through trial-and-gor or from a solar
wind model, to predict thein situ charge state distribution for comparison with obser-
vations. Comparing these results to ionic measurements has enabtew constraints
on the early coronal environment. Landi et al. (2012b) discusses two innovative
methods to incorporate spectroscopic measurements into thisogess. Spectroscopic
measurements can determine the composition of the plasma closehte corona based
on the strength of various emission lines of radiation. One method wille used to
robustly validate solar wind models, from the corona throughout th heliosphere. The
other method will use a trial-and-error method to determine the kst pro le to bridge
the composition measurements remotely obtained in the corona o situ measure-
ments in the heliosphere when the two observations can be obtainedquadrature.

Landi et al. (2012b) demonstrates a proof of concept of one of these mathdoy
investigating the coronal wind and equatorial wind models afranmer et al. (2007).
At 1 AU, the predicted charge states from CSEVOL are compareatcharacteristicin

situ observations obtained from SWICS on the ACE spacecraft. Similaotthe Zur-
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buchen et al.(2012) results, we observed discrepancies between the prediatbarge
states and the observations, due to the ow velocity in the corontom the model. In
the corona, synthetic emission lines were computed based on tharge state evolu-
tion. These emission lines were compared to coronal hole and equialcbservations
from the EUV Imaging Spectrometer (EIS) Culhane et al, 2007) onboard Hinode
and the Solar Ultraviolet Measurements of Emitted Radiation (SUMER (Wilhelm
et al.,, 1995) instrument onboard SOHO. The charge state model wasosin to esti-
mate line intensities closer to those observed in the corona than insaties calculated
from a LTE calculation. The deviation from the spectroscopic obseations is also
caused by the MHD model's overestimation of the coronal ow veloa#s. Landi et al.
(2012b) was only an initial demonstration, but has shown that CSEWL, and similar
charge state models, can be used to Il in the gaps between sp@&sttopic andin
situ composition measurements producing stronger constraints anstienates on the

plasma environment from the corona throughout the heliosphere.
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CHAPTER V

The WIind/STICS Data Processor

In this chapter, we will discuss the method we use to process datorh the
Suprathermal lon Composition Spectrometer (STICS) onboarche Wind spacecraft.
We rst provide an overview of the satellite's mission, followed by detls of the in-
strument itself. Then, we discuss the process we employ to calc@adlistribution
functions for various ionic species from the particle counts obserV by the instru-
ment. Finally, we discuss a novel method we have begun to use to o with the

intermittent nature of the data.

5.1 The Wind Mission

The Wind spacecraft began operating nearly 20 years ago. It wasuteehed on
November 1, 1994 and started its data collection shortly thereaft. Wind is one of
two missions that make up the Global Geospace Science (GGS) initiaijvthe United
States contribution to the International Solar Terrestrial Physcs (ISTP) program.
Prior to this, many spacecraft missions worked independently to rka observations
with di erent individual focuses. Wind, combined with its sister spaceraft POLAR,
were designed to investigate the solar-terrestrial system todpetr, with a main empha-
sis on the ow of energy, mass, and momentum in the geospace eamiment (Acuna

et al,, 1995). Geospace refers to both Earth's magnetosphere anca thearby helio-
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spheric environment. To accomplish a thorough investigation of thisnvironment,
Wind observes the upstream region of the magnetosphere and bskock while PO-
LAR observes the Earth's magnetosphere via a polar orbit. In addan to these two
spacecraft, the ISTP program includes contributions from a nungy of international
space agencies. The European Space Agency (ESA) provided SCih@d CLUSTER,
the Japanese Institute of Space and Astronautical Science (ISj now combined with
the Japanese Aerospace Exploration Agency (JAXA), provided GETAIL, and the
Russian Space Agency provided INTERBALL Acuna et al, 1995; Chotoo, 1998).
These missions combined to provide a global view of the entire solarestrial sys-
tem, ranging from remote observations of the Sun, tm situ measurements in the
deep tail of the Earth's magnetosphere.

Wind, as seen in Figure 5.1, is equipped with a series of instruments teéstigate
the magnetic eld, waves and the plasma environment, including solavind and
energetic particles. Wind is a cylindrical spin-stabilized spacecraftith its spin axis
oriented perpendicular to the ecliptic plane. The spacecraft sping an angular speed
of twenty rotations per minute (Harten and Clark, 1995). Initially, Wind launched
with a three year mission plan, composed of a series of orbits enablimlgservations
both upstream and downstream of the Earth's bowshock. This wasccomplished
through a number of petal orbits, utilizing lunar swingbys Acufa et al, 1995). The
initial mission orbits are shown in Figure 5.2.

In 1997, the spacecraft was originally planned to enter into a halolat about the
1st Langragian Point (L1), approximately 240 Earth radii upstrean from the Earth,
along the Sun-Earth line. Here it would begin to monitor the solar windrevironment
continuously. This plan was changed however, and Wind continued regling the
magnetosphere and upstream conditions with another series oftgeorbits, taking
the spacecraft through the magnetosheath and bow shock andeatually further

downstream the magnetotail. Beginning in 2001 and lasting until late®3, Wind
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projected on the GSE X-Y plane. Published irAcuna et al.(1995)

began prograde orbits, taking it far from the Earth along a directin perpendicular
to the Sun-Earth axis. A diagram of this orbital phase is shown in Fige 5.3. In late
2003, the Wind spacecraft performed a deep magnetotail transiiraveling further
than 200 Earth radii downstream in the magnetotail, before nally noving out to
orbit L1 in mid 2004. Since then, Wind has continually monitored the sotawind
upstream of the Earth.

As previously mentioned, for nearly 20 years the Wind spacecrafas been pro-
viding a number of di erent observations from a variety of plasma emronments and
solar conditions using eight di erent instruments, composed of tvaty-four di erent
sensors Acuna et al, 1995;Chotoo, 1998). The magnetic eld is observed using the
Magnetic Field Investigation (MFI) instrument (Lepping et al, 1995). Radio and
plasma waves, that occur throughout the geospace environmgmatre observed with
the Radio and Plasma Waves Investigation (WAVES) Bougeret et al, 1995). Par-
ticles are measured over a large range of energies from the six otimstruments.
Low energy bulk plasma, from 7 ev to 22 keV, is observed by the SoMfind Ex-
periment (SWE) (Ogilvie et al, 1995) while the 3-D Plasma (3DP) instrument I(in
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Figure 5.3: lllustration of the Wind prograde orbit from mid-2001 to lé&e 2003.
Shown, is the orbit projected on the GSE X-Y plane. Plot obtained
from the wind.nasa.gov/orbit.php site.

et al., 1995), provides three-dimensional distribution information for lasma in this

energy range. Energetic particle distributions are observed beten the energies of

0:2 500 MeV with the Energetic Particles: Acceleration, Composition Trasport

(EPACT) instrument ( von Rosenvinge et al.1995). Gamma-rays are observed on-

board Wind from two separate instruments: the Transient Gammadaray Spectrometer

(TGRS) (Palmer et al, 1995) and the Konus experimentAptekar et al, 1995). Fi-

nally, the composition of the heliospheric plasma from the bulk solar wdnthrough

the suprathermal tail is observed with the Solar wind/Mass Suprdétermal ion com-
position studies (SMS) instrument suite Gloeckler et al, 1995). For the remainder
of this chapter, we focus on the data from the suprathermal iongpulation observed
from the Suprathermal lon Composition Spectrometer (STICS)hich is part of SMS
(Gloeckler et al, 1995).
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5.2 The Suprathermal lon Composition Spectrometer (STICS)

STICS is a time-of- ight (TOF) mass spectrometer, capable of mearing inde-
pendently an incoming particle's mass, charge state, and energy. ddagram of the
instrument is shown in Figure 5.4. Particles enter through the instnment aperture
and immediately pass through an electrostatic de ection system. éfle, an electric
potential is imposed on two curved plates which the particle passegtiveen. This
potential causes the particle's path to be de ected, allowing only ianwith a specic
energy-per-charge (E/Q) through. The de ection plates stephrough thirty logarith-
mically spaced voltages, allowing ions to pass through with energiesging between
6:2 2231 keV/e. This curved de ection system not only selects the E/Q of inboming
particles but also helps to prevent any stray light from making it into he instrument.

Once through the de ection system, the particle impacts a very tin carbon foil (

2 g=cm?), at the beginning of the TOF telescope. The carbon foil is thin enagin for
an energetic ion to pass through, but it will knock o one or more sendary electrons
as it does. This secondary electron is then detected by the froréndary electron
detector assembly (SEDA), which causes a start signal for the FOcalculation. The
front SEDA consists of a microchannel plate (MCP), which generas the start signal,
and two discrete anodes, which help to provide the elevation angleanmation of the
ion. The ion does lose some energy as it passes through the carbmhwhich can
be estimated, as described later. Once inside the TOF telescopeg tion travels a
distance of 100 cm until it strikes a solid state detector (SSD). Here, two things
happen. First, if the incident ion has an energy that is greater thathe measurement
threshold of the SSD, 30 keV, then the energy of the ion can be measured. And
second, on impact with the SSD, the ion knocks another secondasgctron o of the
detector. This electron is then detected by the rear SEDA, caugina stop signal for
the TOF analysis. With both the start and stop signals, the durationthe ion spent

in the TOF telescope can be determined. Since the length of the tedepe is known,
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Figure 5.4: Simpli ed cross-section of the STICS instrument. It shws the path of a
particle as it enters the detector and travels through the systemPub-
lished in (Gloeckler et al, 1995).

the velocity of the particle can also then be obtainedGloeckler et al, 1995;Chotoo,
1998). Figure 5.4 shows these components of the STICS instrumme&rhich an ion
encounters during its path through the system.

The entrance aperture of STICS is oriented such that it is perpemdlar to the
spin axis of Wind. This allows observations over all azimuthal angles.h& instrument
itself consists of three TOF telescopes. Oriented such that obgations spanning from
795 above the ecliptic planeto 795 below the ecliptic plane can be made, split into
three sectors, one for each telescope 58 span. These three sectors are shown in the
top portion of gure 5.5. Two 53 telescopes look above and below the ecliptic plane,
while one 53 telescope looks directly along the plane. Since the instrument look

direction is perpendicular to the spin axis, STICS can observe all azithal directions
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Figure 5.5: Field-of-View (FOV) of STICS. The top picture shows theo -ecliptic
FOV, in the GSE X-Z plane. The bottom picture shows the azimuthal
acceptance angle for STICS for 1 observational sector, in the BX-Y
plane. Sectors not to scale.

as the spacecraft spins. The angular acceptance angle of the instent is 48 and

continually observes particles as the spacecraft spins, observalgazimuthal angles.

The azimuthal observations are divided into sixteen equally sized binsach having

a span of 25 . These are numbered from 0-15, with sector O denoting when the

de ection system's voltage changes. The bottom portion of guré.5 demonstrates

the azimuthal span of the STICS instrument. These individual obseation bins
combine to give nearly three-dimensional compositional analysis tfet suprathermal

plasma (Chotoo, 1998).

STICS is optimized to make high cadence observations of the sugratmal plasma
population. As previously mentioned, the Wind spacecraft rotatest speed of 20 rpm,
equivalent to 3 seconds per spin. Each de ection voltage step is hdtt 2 spins in
order to make observations in all sixteen azimuthal sectors at dagoltage. To step

through all of the voltage steps it takes 60 spins, or 3 minutes. Thefore, STICS
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is able to make a singlee=Q and direction observation with a time resolution of 3
seconds, and can sample the full distribution of energies, in all ditemns, every 3
minutes.

Properties of each observed particle, such as mass, mass-parge M=Q), and
energy are calculated onboard the spacecraft. The particle datathen nally trans-
mitted to Earth in two forms. In the rst form, the data is binned onboard into
previously set bins based on ion mass and=Q. The particles are accumulated
in each bin over the amount of time it takes for the instrument to cyle through
all voltage steps, creating matrix rates for each ionic species. Abtre He?" matrix
rate, the full directional information is retained. While for the H* rate, only half
of the directional information is preserved, as each returned matis the combination
of two observational sectors. Finally, for twenty other ionic spées, which represent
a number of heavy ions (such a€*", 0%, and Fe'®"), the returned matrix rate
is accumulated over all observation directions, retaining no directi@al information.
In addition to the matrix rates, STICS also creates a number of PuésHeight Ana-
lyzed (PHA) words for a subset of the particles observed by the imsment. Each
PHA word contains the measured time-of- ight, energy, and obseation direction
information. This allows the element, ionic state, and velocity of the auticle to be
determined. With this information, the phase space distribution foeach ionic species

can be calculated.

5.3 From PHAs to the Phase Space Distribution Function

In order to maximize the scienti ¢ uses of the suprathermal plasmabservations
from STICS, we often need more information than the counting ratof particles alone.
PHA words make it possible to produce the phase space distributiofe each ionic
species. A phase space distribution describes the density of pdds; from a given

parcel of plasma, as a function of velocity of the particles. In othevords, we can
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see how the particles in a plasma are distributed over a range of egerand space.
As with any distribution, we can then take moments of this distribution in order
to determine the bulk parameters of the plasma. For instance, theeroth moment
determines the density of the plasma, the rst moment determinethe bulk velocity,
and the second moment determines the thermal velocity. The press to convert
an instrument's counting rates to a phase space distribution is wellhderstood {on
Steiger et al, 2000). For the STICS instrument, we follow a process similar to tha

presented inChotoo (1998).

5.3.1 Calculating Physical Properties from the PHA Word

To begin, we rst need to identify the ionic species that created eadPHA word.
As previously mentioned, each PHA consists of the time-of- ight,reergy, and direc-
tional information. This information can be used to determine the iddity of the
ion. However, since this information is encoded into digital channeumbers to pre-
serve memory space, we rst need to convert these to physicatits. Chotoo (1998)
describes this process, using the following equations.

To calculate the time-of- ight, in ns, of the the particle, , from the digital channel

number, Tcy, We use the following equation.

= (Ten 44)=2:372530695 (5.1)

To determine the measured energy, in keV, from the SSIB,cas, from the com-
pressed energy channek., we use the process described @hotoo (1998). Due to
the memory constraints on the size of each PHA word, only 1024 drent energy
channels are able to be used. However, in order to represent thé §pan of energies
for the many di erent ionic species of the solar plasma, the telemetsl channel num-
ber is compressed from the actual energy channel numilgg. This allows a greater

span of energy bins. Therefore, we need to rst decompress ttigannel.
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Eq = E.for E.< 256 (5.2)
Eq = 2E. 256for256 E. 384 (5.3)
Eq = 4E. 1024 for 384 E.< 1024 (5.4)

Then the measured energy can be obtained from the following relatio

E meas = ( Eq + 6) =0:37654782 (5.5)

We can determine theE=Q, in keV/e, of the ion based on the the de ection voltage
step number,DV S, that the instrument is set to when the particle passes through
the de ection system. This step number is contained within the PHA wrd. To

determine theE=Q, from the step number,DV S we can use the following equation.

E=Q=6:190722 (1:1225857y"* (5.6)

As previously discussed, the STICS instruments steps through atél of thirty
separate voltages which are applied across the de ection platesdloaing ions with
energies ranging from @ 2231 keV/e. In order to fully sample all sixteen azimuthal
directions at each voltage step, the de ection voltage is currentliyeld constant for two
spins. This allows for an ample observation time while in the heliospheréherefore,
it takes a total of sixty spins to step through all the de ned voltag steps once. One full
sequence of all the voltage steps is de ned as a cycle. The order imi¢h the voltage
is applied can be de ned at any time. Currently, STICS uses a triandar stepping
sequence. In other words, the de ection plates begin at the lowgsossible voltage
and steadily increase to the maximum voltage over the next thirty gps, holding

each step constant for two spins. After the plates reach the miamum voltage of the
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Figure 5.6: Typical E=Q stepping sequence for the STICS de ection system.

stepping table, STICS steadily steps back down to its minimum voltagaver the next
thirty spins. The voltages applied during the rst thirty steps are d erent from those

applied during the last thirty steps, allowing di erent ion E=Q through on either side
of the voltage maximum. An illustration of the triangular stepping segence is shown

in gure 5.6.

5.3.2 lon Identi cation

Once the TOF, E=Q, and energy of a PHA are determined, identi cation of the
ionic species is possible. This can be accomplished in a few di erent wayarst,
we will discuss using the time-of- ight and the energy-per-chargef the particles.
Figure 5.7 shows the distribution of PHAs, accumulated over the eng¢ year of 2004,
versus the time-of- ight and the E=Q of the measured ion. It can be seen that there
are a number of distinct tracks that are enhanced over the badl@und. These tracks

correspond to individual ion species. The three bright tracks on éhleft side of the
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Figure 5.7: Distribution of the particles over the time-of- ight and energy-per-charge
measured by STICS. The data shown is an accumulation of PHAs over
the entire year of 2004. The thin black line is the predicted location @™,
while the two thick black lines indicates the bin used fo®* identi cation.

data correspond toH*, He?* and He*. In early 2004, Wind was nishing its deep
magnetotail orbit, spending a portion of time sampling the Earth's mgnetosphere,
resulting in a largeO* track appearing in the data, to the right of the previously
mentioned three tracks. We will use this track as an example of idemation using
the TOF and E=Q distribution.

To ensure that the TOF track is composed 00O+ ions, we rst predict the time-
of- ight for an O+ ion at all the energy-per-charge steps of STICS. We do this by
calculating the velocity an ion would have after it passes through thearbon foil, Vg,
in km/s, entering the STICS TOF telescope during energy-per-chnge step,E=Q in

keV/e, using the following relation.
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Vion = 439:36 P ((E=Q) (Q=M) (Ess=M)) (5.7)

In the above equation,Q=M represents the ratio of the charge to mass of a speci c
ion. To improve the accuracy of the ion's predicting velocity in the TORelescope,
we must account for the energy lost by the ion when it passes thrghn the carbon
foil, Ejoss. This can be estimated by using the Transport of lons in Matter (TRM)
software (part of the Stopping and Range of lons in Matter (SRIYIsoftware package,
www.srim.org). TRIM calculates the kinetic energy a particle loses when passing
through some material from collisions with the atoms of the materialBy performing
a monte carlo simulation of atoms of a speci ¢ energy impacting a deed material one
can estimate the average loss of energy for a particle passing tingb that material.
Figure 5.8 shows one such calculation we performed for an oxygeomtwith an energy
of 7881 keV impacting a layer of carbon 89 angstroms thick, similar to theadbon foil
in STICS. The energy loss has a gaussian distribution, due to the @dwmness of the
scattering of the particle in the material. Therefore, we can detarine the energy loss
for a particular energy-per-charge step by calculating the mearf the distribution.
This calculation is carried out for allE=Q steps of the instrument to characterize the
energy loss for all possible ion observations.

Once the velocity of the ion has been determined, it is trivial to detemine the
ion's time-of- ight, in ns, through the TOF system. Since the distance the ion
travels in the TOF telescoped = 10:0 cm, is known, is simply the ratio of distance
to velocity. The following equation shows this relation, where the leaty factor of
10000 performs the necessary unit conversion.

d

on = 10000 — (5.8)
Vion

Combining Equation 5.7 and Equation 5.8 results in the relation for therpdicted
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Figure 5.8: Results of the TRIM calculation for a number of oxygen atns, with an
energy of 7831 keV, impacting a carbon foil of thickness of 89 angstroms,
the same thickness as the carbon foil on STICS. The red curve is ag-
sian curve t to the histogram, with the mean energy loss and staradd
deviation displayed.
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time-of- ight of an ion determined by its E=Q, as measured by STICS.

43936 P _ o
W (E=Q) (Q=M) (Ejoss=M)) (5.9)

In Figure 5.7, the predicted time-of- ight, using Equation 5.9, of anO" ion is
plotted as the thin black line. It can be seen that this predicted trac lines up with
the bright track in the data. For each voltage step, a range of pential E=Q of the
incident ions are capable of passing through the de ection systenThis is referred

to as the energy passband, E=Q. Calibration data has shown that the average

passband is EE;?Q = 1:9% (Chotoo, 1998). Considering this spread ire=Q we can
create a TOF band, centered on the predicted track, for a givenno This band is
shown in Figure 5.7, by the two thick black lines. Any PHA landing in this bad
we then classify as arD* ion. As can be seen, the entire bright track in the data
lies within these bounds. For any ion which we can create a track fame can then
classify using the time-of- ight and energy-per-charge informain of the PHA.

The TOF-E/Q method works well for ions that have distinct mass-pecharge
ratios, but for many of the heavy ions, these tracks would overlagach other, making
it harder to classify the ions. Instead we can use the mass and mass-charge
calculated from each PHA word. From theE=Q, energy, and time-of- ight of the
PHA, we can calculate the mass an1=Q. This method is similar to the one used

onboard the spacecraft to create the matrix rates previously digssed.Chotoo (1998)

provides the equations used for these conversions.

<
I

2 (=d)2 (Emeas= ) (5.10)

i
O
I

2 (=d)* (E=Q) (5.11)

We then create a distribution of PHAs, accumulated over a length dime, in
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Figure 5.9: The top panel shows a distribution of PHA words from May0, 1995
versusM=Q and mass. The bottom panel shows the distribution of counts
integrated over all masses as a function dfi=Q. The MassM=Q box
boundaries forH + ions is shown, as well as the general location of the
He2+ ions, He+ ions, C group, O group, andF e group.

MassM=Q space. Figure 5.9 shows one such distribution, accumulated on M&y, 3

1995, similar to the Figure inChotoo (1998). Compared to Figure 5.7, individual ions

appears as distributions spread around a single point, determineg the ion's mass

and M=Q, instead of tracks. The top panel of Figure 5.9 displays the distrition
of particles that created PHA words, while the bottom panel showthe number of
particles per M=Q. The bottom panel is created by integrating over all masses for
eachM=Q bin in the distribution.

Based on the mass ant1=Q of each species, the identi cation of the ionic species

is possible for each particle. To do this, we create boxes in Mads-Q space, centered
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lonic Species | Mass Low | Mass High | M/Q Low M/Q High
(amu) (amu) (amu/e) (amu/e)
H* 0:0 2:13 0:90 1:26
He* 2:79 6:30 3:55 4:67
He?* 2:79 6:30 1.61 2:32
C* 9:.04 1299 2:87 3:24
C>* 9:04 12:99 2:25 2:54
Cco* 9:04 12:99 1:87 2:18
o* 4:80 79.30 14:89 20:.20
o°%* 10:83 20:41 2:54 2:87
o™ 1421 2041 2:11 2:46
Fe®* 3845 7928 6:53 7:38
Fe’* 3845 7928 5:78 6:53
Feld* 3845 79.28 5:28 5:78
Fell* 3845 7928 4:82 5:28
Fel?* 3845 7928 4:40 4:82
Fel4t 3845 7928 377 4:14
Fel®* 3845 7928 3:34 3:55

Table 5.1: Mass andM=Q boundaries for ionic species measured by Wind/STICS.
Published in Chotoo (1998).
on the mass andVi=Q for each species. These boxes account for any spread of the
ions in the space due to energy loss of the ion in the system and thergy passband
of the instrument allowing ions with energies ranging about th&=Q step to enter
the system. In Figure 5.9 we show one such box, in the top panel, feelecting
protons. Any particle that falls within this box is classi ed as a proton Using the
same mass andé1=Q box de nitions which STICS uses onboard to create the matrix
rates for heavy ions, as described earlier, we can then classify aniier of the ions.
In Figure 5.9 we have indicated the distribution of both theHe+ and He2+ ion as
well as the general location of theC, O, and Fe groups of ions.

Table 5.1 shows the boundaries of these boxes in both dimensionstfe heavy
ions which we can currently identify, provided byChotoo (1998). If an incoming
particle does not have enough energy to overcome the SSD endfggshold, then its
mass can not be determined. These events are called double coinmeeevents, as

only a start and stop signal can be made, as opposed to a triple caodence event,
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when both timing signals and an energy measurement can be made.eTimass of a
double coincidence particle can not be determined, and will then hagemass of zero
amu. These events can still be included in analysis for some ions, byyotonsidering

the M=Q ranges from Table 5.1. The bottom panel of Figure 5.9 illustrates the
M=Q range forH*. Inside these bounds we can see a clear peak, corresponding the
large contribution of proton measurements. Additionally, we can sea signi cant
peak nearM=Q 2, corresponding to theHe?" observations. Further identi cation

in this manner can be dicult however, as many heavy ions have a vergimilar
M=Q. For example, theM=Q of O™ is  2:4 while the M/Q of C> is  2:3.
The distribution for an ion is spread out in massvi=Q space, making it di cult to

discriminate between two ions in the region where they may overlap.

5.3.3 Calculating Di erential Flux

In order to minimize the observational error of a speci ¢ ion, we aomulate the
observations over a duration of time. With the number of ions obsegd over this time
period known, we can then calculate the phase space distribution thfe sampled
plasma, following the methodology offhotoo (1998). The rst step, is to convert
the counts into di erential ux. The di erential ux describes the ux of particles,
per unit of energy, incident on the instrument's detectors. The cwersion from the
number of counts of a particular ion identi ed by STICS to ux, is straightforward.

Chotoo (1998) gives the relation as

d_J _ counts DC BR norm
dE g E=Q ; » t BoxXe

(5.12)

The di erential ux has units of [ cm?ssrkeV=amy ! and is denoted a%% in the
above equation, whilecounts is the number of ions that we have identi ed by one of
the identi cation previously discussed for a particularE=Q step. The accumulation

time of the observation is denoted by t. The remaining terms in the above equation
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Telescope Parallel Beam Isotropic
Geometric Factor ( cm?) | Geometric Factor (  cm?sr)

1 072 0:18 0:031 0:002
2 0:68 0:18 0:029 0:002
3 0:74 0:18 0:029 0:002

Table 5.2: Geometric factors for STICS determined from calibrationAs published
in Chotoo (1998).

describe the e ciency of the STICS instrument's ability to observe a ion from the

incident ux and will be described in further detail.

The geometric factor of the instrument is represented bg in Equation 5.12. As
not every particle is able to make it into the instrument due to scatteng in the
electrostatic analyzer and the particle’'s angle of entry, the geomnie factor repre-
sents the relationship between the counting rate of particles in thestrument and
the actual incident ux from the heliosphere on the aperture.. Thidactor represents
the e ective aperture size that particles can enter the system tough. The values
for the geometric factors of STICS are published i€hotoo (1998) and shown in Ta-
ble 5.2. These values were determined from pre- ight calibration anih- ight cross
calibration (Chotoo, 1998). If the radiation is from a beam of particles entering the
instrument perpendicular to the aperture, then the geometric faor is only dependent
on the area of the aperture. If, however, the particles are isaipically distributed
and impacting the aperture at a number of di erent angles, then th geometric fac-
tor is dependent on the full solid angle acceptance range of the #pee (Chotoo,
1998). This results in smaller geometric factors, seen in Table 5.2 fsotropic par-
ticle distributions compared to that from the parallel beam case. Té parallel beam
approximation is appropriate for particle populations originating fron a single source,
such as the solar wind, while the isotropic factor is used for particlepulations which
are evenly distributed in velocity space, such as the suprathermpérticles or pick-up
ion distribution.

As previously discussed, the de ection system of STICS is designidallow only
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particles with a particular E=Q to enter the instrument. However, theE=Q of par-
ticles that do make it through the de ection system spread over ansall range about
this value. This is called the energy passband, E=Q, as described in the previous
section. From calibration data, this has been found to have a valué eEE:;QQ 1:9%
(Chotoo, 1998).

Not all the particles that make it through the de ection system beome measured
by the TOF telescope. The likelihood of a particle of a particle in the TORelescope
to pass through the carbon foil and then trigger a measurement the SSD detector
is referred to as the e ciency and is denoted by the x terms in Equation 5.12. The
e ciency of a particle passing through the carbon foil and triggerig a start signal is
referred to as the start e ciency, ;. The e ciency denoted by , can refer to two
di erent situations. If we are considering triple coincidence particke then , refers
to the triple e ciency. The triple e ciency describes the ability for a p article to
produce both the stop signal and the SSD energy measuremertthbwever, we also
choose to consider double coincidence events in the analysis, thenefers to the stop
e ciency. The stop e ciency illustrates the ability of a particle, that has triggered a
start signal, to trigger a stop signal. These e ciencies have been @emined during
the calibration of the instrument, and are provided byChotoo (1998). Figure 5.10
shows a sample e ciency curve for protons. The top panel showke start e ciency,

1, and the middle panel shows the triple e ciency, ,. Since, the calculation for
di erential ux uses the product of these e ciencies, we show thisin the bottom
panel. This represents the overall e ciency of a particle that pass through the
de ection system to be measured by the TOF system.

The value DC, in Equation 5.12, is the deadtime correction for the instrument.
Each spin of the Wind spacecraft takes 3 seconds, however thetinsent does not
make observations for this entire time. This is due to a number of reans as the

instrument requires time for ight software to classify ions which it las previously
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Figure 5.10: E ciency curves for protons. The top panel shows th e ciency of an
incoming particle to trigger a start signal. The middle curve shows the
e ciency of a patrticle that has triggered a start signal also triggeing
a stop signal and a measured energy from the SSD. The bottom weer
shows the combination of these rst two curves. Curves are deteined
from calibration data, and published inChotoo (1998). The red asterisks
represent the E/Q steps from the de ection system.
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Sector | Deadtime Correction Factor
0 2.143
1-15 1.068
Full Spin 1.103

Table 5.3: The deadtime correction factors for STICS. As published Chotoo (1998).

observed, read counters, and perform other housekeepingrelso These things happen
between every observation sector. There is a longer deadtime ipédrfor the rst
observation sector of each spin. The voltage in the de ection sysh is changed at
the beginning of the spin and more time is required for the stepping Kages to settle.
As there are sixteen observation sectors, each one lasting :B8s. The instrument
has a deadtime of 12 ms between each sector, and an additional &@0of deadtime for
sector 0 Chotoo, 1998). Sector 0 will always have a deadtime of 185, as a convince
for the data processing unit, regardless of whether the voltagafibeen changed. The
deadtime correction is simply a factor to account for this lost obseation time, and is
determined by the ratio of total available time to actual observatia time. Table 5.3
shows the deadtime correction factors for sector O, the rst @ervation sector, and
the other sectors. Additionally, the deadtime correction factordr an entire spin is
shown. This is used when we use considering one of the counting saigat does not
have directional information. These factors were published iG@hotoo (1998).

The BRorm term represents the basic rate normalization applied to the obsed
counts. Since STICS cannot return a PHA word for every measutearticle, three
basic rates BR), for eight azimuthal directions, are returned accounting for paicles
falling within 3 separate masdv=Q regions. The PHAs are then created for a portion
of particles in each of these bins, distributed based on the prioritysaigned to each
massM=Q region. One bin encompassed *, He*, and He?", which composes a
majority of the observed heliospheric plasma.

To ensure that all the telemetered PHA words are not created fno protons, this

region is given the lowest priority. In other words, the smallest nundy of PHAS are
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lon Box E ciency

H* | 0:90forDVS < 15
0:99forDVS 15
He" 0:98

He?* 0:98

Table 5.4: The box e ciency for the M-M=Q boxes ofH*, He*, and He?*. The
e ciencies for H* are dependent on the de ection voltage step number,
DV S. This were published inChotoo (1998).

created per number of measured particles.

Multiply charged heavy ions constitute the next highest priority, anl singly charged
pick-up heavy ions have the highest priority. The basic rate then deribes the total
amount of particles that were observed by STICS. Thus, the basiate normalization
is simply the ratio BRnorm, = BR{=PHA, for each azimuthal sector, where repre-
sents the basic rate region and® HA; refers to the number of PHA words created
from particles falling in that region (Chotoo, 1998).

The nal term in Equation 5.12 represents the e ciency of the masdM=Q box
to include all observed ions of the particular boxBox. . The ion distribution can
spread beyond the bounds of the madd=Q box that is de ned. The box e ciency
is meant to correct for the number ions that are observed by ST but are not
properly identi ed due to the limitations of the massM=Q box used. Chotoo (1998)
has characterized this value for théed*, He*, and He?* boxes, while further ion box
e ciencies have yet to be characterized. As seen iGhotoo (1998) and table 5.4, this
correction is very small and should not alter the resulting di erentid ux much. For
the ions not yet characterized, we use an e ciency of:Q. Table 5.4 shows that there
are two separate e ciencies forH+. As Chotoo (1998) describes, this is due to a
larger amount of energy being lost in the carbon foil for the less egetic protons.
Protons, due to their lighter mass and momentum, su er from a geder energy loss
in the carbon foil when the protons are slower. This causes the dibution to spread

more, resulting in more protons falling outside of the classi cation bo
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5.3.4 From Dierential Flux to a Phase Space Distribution

Finally, we can obtain a phase distribution for a given ionic species, bglculating
the phase space density from the di erential ux. The phase spacdensity,f in units
of s>=km®, is the density of particles occurring in a volume of velocity space. &

can be written in the same manner a€hotoo (1998).

_dN
"~ Brdsv

(5.13)

The density of the particles is de ned as the number of particlegIN, present in
a volume of spaced®. The d® represents the volume of velocity space that the
particles inhabit. Velocity space is another way of describing the emyy range of a
particular population of particles. To obtain the density of particlespassing through
the instrument, we relate it to the dierential ux observed by STICS, using the
following relation from Chotoo (1998).

dJ

dN = = dAdEd dt (5.14)

In the above equation,dJ=dE is the dierential ux measured by STICS. The
other terms describe how the observation was obtained. Tl term represents the
unit area which particles are owing through,dE represents the range of energies of
the incident particles,d is the solid angle acceptance cone of the aperture, ardt is
the accumulation time of the measurement. Combining these two egfions, we can
get to a relation between di erential ux and phase space distribubn, as derived in

Chotoo (1998).

dN = fd3d3 (5.15)
dJ

us - 3,43
i JAdEd fd3 dv (5.16)
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We can simplify this relation further. First, we transform the di erential velocity
space into spherical coordinates, bygv = v?dvd. Next, since dr = vdt, we can
re-write the di erential space term as,d® = vdtdA. Substituting these two relations
into the above equation gives the following equation.

dJ

d—EdAdEd = fvidvd dAdt (5.17)

Canceling like terms from this equations, yields

dJ .3
ﬁdE = fv dv (5.18)

Since, the energy appearing in the above equation is simply the kinegoergy of
the particle, we can then write the energy a& = 0:5m v? which makes the di erential
energy,dE = mvdv. Substituting these relations into the above equations, yields
our nal equation which we can use to obtain the phase space dewsior a given

ionic species from the observed di erential ux.

dJ

- — 3
CIEmvdv fv<dv (5.19)
dJ v?
= = =f (5.20)
Since,v? = % (5.21)
dJ 2E
= = f (5.22)
m? dJ
9 f o= oo (5.23)

However, as previously stated, the units of di erential ux are m?s srkeV=amy *
while the phase space distribution is commonly given in units sf=km®. To perform
the unit conversion, we multiply the right hand side of the above eqtian by 1:076

(Chotoo, 1998). This yields our nal relation for the phase space density @ ionic

116



species, as a function of particle energy.

m2 dJ
f=1:076 = (5.24)

We can then create the phase space distribution of a ion from thislagon. The
measurement error for the phase space density can be estimafemn the Poisson
counting error from the instrument, or ouns = P counts. We can then propagate
the error through the above equations to determine the error dhe phase space

density, ;. This is shown in the following equations.

counts — pcounts (5.25)
counts DC BR norm
= 5.26
# 7 g E=Q .1, t Box (5-26)
m2
£ = LO?GE g (5.27)

To calculate full phase space distribution function, the data need® be accu-
mulated over a set period of time. Because of Wind's spin con guratip STICS
observes particles coming from all azimuthal directions. In ordeiotcalculate the
3-dimensional phase space density, the distribution function is theaccumulated and
calculated individually for each observation sector. If the distribubn function is
accumulated over all of the sectors, only a 1-dimensional distridon is able to be
calculated. The 1-dimensional function can be determined with smallmeasurement
error when accumulated over shorter cadences than the 3-dins@mnal observation,
but lacking any directional information. Figure 5.11 shows an examplef a calcu-
lated phase space distribution function for alpha particles over a Tbur observation
period during DOY 150 of 2003 accumulated over all observation s&c The poisson

counting errors are shown as the red vertical bars.
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Figure 5.11: Phase space densitipF versus particle speedV, normalized by solar
wind bulk speed, for alpha particles. Distribution was accumulated ev
DOY 150083 15067 of 2003, and all sixteen view directions. The red
error bars signi es the Poisson counting error.
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5.4 Adaptive Cadence - Solution to Intermittent Periods of

Observations

Normally, to create phase space distribution functions of solar winglasma, as
described in the previous sections, we accumulate the PHAs for @ amount of time,
usually on the order of hours. This accumulation takes places in ord& obtain
enough counts to minimize the errors of the measurement. For tI8TICS data, even
with two hour accumulations, the error bars can at times be very lge because of the
very small amount of incident particles. To accommodate these intaittent periods
of measurements we have developed a method of an adaptive cagen

The adaptive cadence method allows the accumulation time of the pde& space
distribution to vary, while processing long periods of data. To do thjswe rst set
a desired counting error threshold and the number of energy bin§ the distribution
function to exceed this threshold. Typically we run the adaptive caghce method
requiring 10 energy bins in order to ensure that at least 30% of the total energy
bins contain an observation satisfying the set error threshold. itnally, we choose an
error threshold of 50%. This value was settled on as it requires that the distribution
function is computed from more than only 1 or 2 counts.

After the number of energy bins and error threshold are determaal, we begin to
step through each measurement cycle and accumulate the numldrSTICS counts
for a particular ion in each energy bin. At the end of each cycle, we ropute the
distribution function from the current accumulated counts and compute the measure-
ment errors. Then we test each measurement error versus theseed error threshold
which had been set. If the total number of energy bins achieving eéhdesired error is
greater than or equal to the number of bins we set, then the distution function is
outputted and accumulation for the next observation begins. Haver, if the num-

ber of energy bins satisfying the our desired measurement erromist large enough,
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the next measurement cycle is accumulated into the current distnitlion function
measurement and the error threshold is tested once again. Thisopedure continues
over the time period which we wish to process, allowing each calculatéidtribution
function to be accumulated over a di erent amount of time, but all atisfying a set
measurement error.

Figure 5.12 shows one such example of the adaptive cadence methdte top
panel shows the accumulation time required to ensure that 10 eggrbins had an
error less than 50% for the three ion€4*, C>, and C® . The next three panels
shows the distribution function as it evolves in time for the three ionsThe magenta
dashed line shows the start time of an ICME as determined byichardson and Cane
(2010). As can be seen over the course of the three days, theuwmoulation time
required to produce a distribution function varies from 1 day to & hours, for both
C>* and C®*.

Using the adaptive cadence method we have been able to pinpoint a viarray of
periods when the measured phase space distribution from STICS ldeato be com-
puted at very high-cadences. These often occur near transit®i the heliospheric
environments, such as at co-rotation interaction region (CIRs)interplanetary (IP)
shocks, and interplanetary coronal mass ejections (ICMEs). [ing these transition
events the cadence time required to calculate phase space disttibns can be on the
order of ten's of minutes, compared to quieter periods when it camke up to ten's
of days. High-cadence measurements during these time periodal#a the investiga-
tion of their impact on the suprathermal particles. It is not well unerstood whether
transition events like these have a signi cant impact on the supra#grmal population,
such as further heating of the particles. We also nd that high-caghce measurements
can be produced upstream of the Earth's bow shock and inside theagnetosphere.
Observations such as these, allow the exploration of the leakageamanism of plasma

into and out of the magnetosphere, and any possible energizatidrttoe plasma occur-
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Figure 5.12: Spectrogram plot showing an example of the adaptivedesce ratio, for
the carbon ionsC*, C>, and C®" . Top panel shows the accumulation
time for each returned distribution function. The next three panks show
the phase space distribution versus time. Particle velocity is along ¢h
y-axis. The magenta dotted line represents the beginning of an I
as determined from Richardson and Cane 2010).
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ring at the bow shock. Using the ICME time periods determined fromhis method,
we can explore the relationship between the suprathermal ionic cposition and the

bulk plasma, utilizing the unique compositional characteristics of ICIHEs.
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CHAPTER VI

Suprathermal Heavy lon Observations during

Interplanetary Coronal Mass Ejections

The text of this chapter is presented as a draft which will be submiéd to the

Astrophysics Journal.

Abstract

Suprathermal particles are an important seed population for a veaty of energetic
particles found throughout the heliosphere, but their origin is in dedite. We present,
for the rst time, high-cadence observations of suprathermaldavy ions during inter-
planetary coronal mass ejections (ICME), from the Supratherat lon Composition
Spectrometer (STICS) onboard the Wind spacecraft, and invagate their ionic com-
position and compare it to the bulk plasma composition, observed frothe Solar
Wind lon Composition Spectrometer (SWICS) onboard the AdvanceComposition
Explorer (ACE). We nd that the composition of the suprathermal plasma is related
to the local bulk plasma and not to the bulk solar wind plasma upstreanof the
ICME. This implies that the suprathermal plasma is accelerated frorthe local bulk

plasma and not the upstream solar wind plasma from the CME-driverheck.
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6.1 Introduction

The suprathermal plasma population consists of ions that are moemergetic than
the ions of the thermal solar wind, ranging in energies from 10 keV/nucleon - 100
keV/nucleon. Figure 6.1, fronMewaldt et al.(2001), shows a three year accumulation
of the oxygen uence observed by the Advanced Composition Expér (ACE) ( Stone
et al., 1998). The suprathermal plasma is the population of ions lying bet&n the
solar wind thermal plasma and solar energetic particles in the highenergy regime.
This regime may also contain another population, missing from gure.®, the con-
tributions from pick-up ions, which will show up for singly charged iongut not for
multiply charged heavy ions. These ions are evident in a distribution fiction for
protons and singly ionized helium as an extended distribution of partes with a
shoulder at 2 vg, (Gloeckler et al, 1993). These ions will not contribute to the
heavy ion population

The suprathermal plasma has been suggested to be an importaaed population
for energetic particles accelerated by co-rotating interaction ggons (CIRs) (Mason
et al., 2012), and solar energetic particles (SEPs)¥lka et al., 2005). The origin
of the suprathermal patrticles is still in question. Several mechams have shown
promise for generating suprathermal particles in the heliospherBossible acceleration
mechanisms such as thermal solar wind accelerated locally, or paddi& accelerated
remotely, in the corona or at interplanetary shockslaming et al,, 2013).

One possible local source is the pump mechanism, introducedfigk and Gloeck-
ler (2012a), acting on the bulk plasma. The pump mechanism is a fundantal accel-
eration process which is used to explain the ubiquitous observatiooéthe common
spectral shape observed in suprathermal population throughbtine heliosphere Fisk
and Gloeckler 2006;Gloeckler et al, 2000). By employing a series of expansions and
contractions in the local magnetic eld, the local bulk plasma can beme energized

into suprathermal energies. Particles accelerated in such a manmeuld retain the
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compositional characteristics of the local plasma. Additionally, theump mechanism
has been invoked to attempt to explain the similar spectral obserttans of ACRs
(Fisk and Gloeckler 2009), and galactic cosmic rays (GCRs)Fisk and Gloeckler
2012b).

However another mechanism, di usive shock acceleration, has lohgen thought
of as a source of energetic particlekde et al, 2012). Di usive shock acceleration can
occur when a propagating shock interacts with the plasma upstneeof the shocks ow
direction. As the shock passes through the plasma, particles caedome energized
as they pass through the shock. Some of the particles can becamagped, bounc-
ing back and forth across the shock, achieving higher energies. ek resulting high
energy particles retain the compositional characteristics of theneshocked plasma
upstream which the shock passed through. Interplanetary (IP¥hocks are caused
by many di erent events in the heliosphere, such as co-rotationafteraction regions
(CIRs) (Gosling et al, 1976;Hundhausen and Gosling1976) and coronal mass ejec-
tions (CMES) (Sime and Hundhausen1987;Vourlidas et al., 2003; Ontiveros and
Vourlidas, 2009). Gradual SEP events associated with CMEs are thought twe ac-
celerated by the CME-driven shock directly from the suprathermgopulation (Desai
et al., 2006).

CMEs are large and powerful eruptions from the Sun which transpglasma and
magnetic ux throughout the heliosphere. When observeth situ they are referred to
as interplanetary coronal mass ejections (ICMEs). ICMEs oftetravel through the
heliosphere at velocities greater than the ambient solar wind, which tarn can drive
IP shocks ahead of the ICME $ime and Hundhausen1987;Vourlidas et al., 2003;
Ontiveros and Vourlidas 2009). A reverse shock can also form in the rear of ICMEs
which originate from high latitudes, from either the over-expansiorof the ICME
ow ( Gosling et al, 1988, 1994) or the collision of de ected fast and slow solar wind

streams behind the ICME Manchester and Zurbuchen2006). The region of heated
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Figure 6.1: The oxygen uence as observed by the various particlestruments on
ACE. The contributions of the solar wind, suprathermals, and higire
energy particles are shown. Figure published ifMewaldt et al, 2001).
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plasma between the ICME and the shock is called the sheath. This siie plasma
generally consists of plasma which has piled in front of the ICME as it ppagates
through the heliosphere. This plasma can become compressed, les ICME sweeps
up more and more plasma, thereby heating the sheath plasma. Dastream of the
sheath, we observe the ICME plasma.

ICME plasma has very unique compositional characteristic compatdo that of
the nominal solar wind composition occurring upstream of the trarent (Lepri and
Zurbuchen 2004; Zurbuchen and Richardson2006). It is important to remember,
that even though any acceleration mechanism acting on the bulk plas. may require
adiabatic heating, the only rami cation of this heating is a di usion of the particles in
energy space. The plasmas ionic charge state information has beetclose to the sun
(Gruesbeck et a).2011, 2012, and references therein). Further out in the helidsge,
mean free path is too large, due to the expansion of the solar winddaltME, to allow
further ionization or recombination of the charge states. The ionidistribution will
therefore remain constant even though the particles are beingcaterated by some
form of heating. Assuming no mass-per-charge or charge depemtdacceleration
mechanisms.

Lepri and Zurbuchen(2004) andLepri et al. (2001) have shown that the presence
of hot iron charge states in the solar wind are in fact a very strong dcator of ICME
plasma. Gruesbeck et al(2011) showed that the bi-modal presence of hot iron charge
states, Fe'®*, observed simultaneously with cooler, more nominal states, suck a
Fe'%* occur in a majority of ICMEs. Additionally, Henke et al.(1998), has shown that
the O™ =0%* ratio, observed during ICMEs, can also be elevated, indicating heit
temperatures or greater initial velocities during ejection from thesun. The oxygen
charge state enhancements are often correlated with ICMEs elating magnetic cloud
topology (Henke et al, 1998).

The charge state distribution of a plasma becomes frozen-in ondetvolume ex-
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pands faster than it can adapt to the surrounding environmentHundhausen et al.
1968). Once frozen-in, the charge state composition of the plasmemains con-
stant as the plasma travels throughout the heliosphere. Freezhng of the charge
state information occurs very close to the sun, usually within the st 5 solar radii
(Hundhausen et al. 1968;Hundhausen 1972;Bame et al, 1974;Buergi and Geiss
1986;Geiss et al, 1995). Gruesbeck et al(2011, 2012) has shown that even for the
anomalous charge states often observed in ICMESs, the chargatstcomposition is
still frozen-in very close to the Sun. Combining this with the unique caposition
of ICME plasma (Lepri et al., 2001; Zurbuchen et al, 2003; Lepri and Zurbuchen
2004), we are able to constrain the origin of the suprathermal ioqpgesent in ICME
observations by comparing the composition of the suprathermalgsma to that of he
thermal plasma during ICMEs.

This paper presents an analysis of the composition of both the bullolar wind
plasma and the suprathermal plasma, observed during ICMEs timespods, to inves-
tigate the source population of the suprathermal plasma found lally inside ICMEs.
For this study we present rst measurements of the charge statdistribution of
suprathermal heavy ion plasma occurring during ICMEs. We comparthe com-
positional characteristics of the local suprathermal plasma to #t of the local bulk
plasma and to the bulk plasma upstream of the shock associated witiie ICME.
We show that the suprathermal plasma, observed in the ICME, is ogpositionally
similar to the local bulk plasma and not to the bulk plasma found upsti@m of the
CME in the solar wind. This is indicative of an acceleration mechanism aot on
the local bulk plasma which energizes the particles up to supratheainenergies and

not acceleration of ambient solar wind bulk plasma by the CME-drivenh®ck.
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6.2 ICME Observations

ICMEs are large events which have been observed by widely sepathspacecratft.
Spatially separated observations of a single ICME has led to a greatenderstanding
of their structure and the extent of their in uence in the heliosphee (Kilpua et al.,
2009, 2011Reinard et al, 2012;Lepri et al., 2012). We use observations from both
the Advanced Composition Explorer §tone et al, 1998) and the Wind @Acuna et al,
1995; Harten and Clark, 1995) spacecraft to compare the plasma properties during
a number of ICME observations. These two spacecraft were cbasfor a number of
reasons. First, in order to fully observe the suprathermal parties we can use observa-
tions from the Suprathermal lon Composition Spectrometer (STS)(Gloeckler et al,
1995) onboard the Wind spacecraft. STICS is a time-of- ight insttment designed
very similarly to the Solar Wind lon Composition Spectrometer (SWICYH(Gloeckler
et al., 1998) onboard the ACE spacecraft. These two instruments avery similar of-
fering comparative data products spanning both the thermal ansuprathermal energy
regime. Second, after Wind moved out to orbit the L1 point, ACE andNind were
orbiting in close proximity allowing for the co-observation of similar parels of ICME
plasma. We will compare the common plasma parameters used for IENUenti ca-
tion (Zurbuchen and Richardson2006) from both spacecraft to give us con dence
that we are observing the same ICME event simultaneously with botspacecraft.

We use the Suprathermal lon Composition SpectrometefG{oeckler et al, 1995)
onboard the Wind spacecraft to make the rst high-cadence chge state distribution
measurements of the suprathermal heavy ions during ICMEs. STI$ is a time-of-
ight mass spectrometer which measures the mass, energy ancule of ions. STICS
observes particles in an energy per charge range a2 6 2231 keV/e, allowing high
cadence observations of the minor heavy ion phase space distribatfor suprather-
mal energies, observations unique to the instrument. For the cqrosition of the bulk

plasma, we use the Solar Wind lon Composition Spectrometer (SWIL8Gloeckler
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et al., 1998) onboard the ACE spacecraft. SWICS observes particles an energy
range spanning @9 1000 keV/e, using logarithmically spaced energy bins. Un-
like STICS, SWICS is optimized to observe the phase space velocitytdtsutions of
the bulk solar wind plasma, but still can observe the very low energygrathermal
contribution. These two energy per charge ranges overlap enalgifor validation be-
tween the two separate instrument observations. Detector eiencies limit the time
periods where STICS is capable of observing a statistically signi caportion of the
suprathermal plasma, based on the relative density of thie situ plasma, at high
cadences, on the order of hours compared to the long accumulasogenerally used
to compute distribution functions for minor ionic species. This make#& hard to
calculate the charge state distribution for the plasma in the supraermal energies.

For this study, we focus onO®%", O"*, Fe®*, Fe®", Fel®, Fell*, Fel?", Fel4,
and Fe'®", species which have been characterized for the Wind/STICS dataAs
previously discussed, both oxygen and iron are good discriminatdyetween typical
solar wind plasma and ICME plasma. The ions chosen span a range ofieocharge
states su cient to di erentiate between the solar wind and ICME plasma.

We used theRichardson and Cang2010) ICME list to determine the time period
and boundaries for the ICME observations. We searched this listrfevents with a
signi cant suprathermal particle population and found a subset oévents where two-
hour cadence charge state distribution could be made using theseenspecies. This
candidate list consists of fourteen events, separated based omether the accumula-
tion period occurred during the sheath or the ICME, shown in Table.&.

Figure 6.2, shows the ACE observations of one such candidate ICMEhe ICME
shock was observed on day of year (DOY) 149 of 2003 and the ICMEasma was
observed on DOY 150, as reported bRichardson and Cane(2010). Panel A shows
the solar wind velocity (V,) from the Solar Wind Electron, Proton and Alpha Mon-

itor (SWEPAM) ( McComas et al, 1998) and SWICS merged datasetftp://www.
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Event # | Year | DOY Start | DOY End | ICME | Sheath
1 2000, 160.500 162.708 X
2 2000| 195.404 195.708 X
3 2000, 195.708 196.583 X
4 2000| 261.706 261.875 X
5 2000, 261.875 265.000 X
6 2001 94.622 94.750 X
7 2001 94.750 95.500 X
8 2001, 328.288 328.583 X
9 2003| 149.767 150.083 X
10 2003| 150.083 150.667 X
11 2004 312.769 312.917 X
12 2004 314.833 316.958 X
13 2005 236.259 236.583 X
14 2005 236.583 236.958 X

Table 6.1: List of candidate time periods determined where chargeat distributions
can be calculated for the nine ionic species from the Wind/STICS obrse
vations. The type of event, either ICME plasma or sheath plasma, &so
indicated.

srl.caltech.edu/ACE/ASC/level2/lvI3DATA_SWEPAM-SWICS.html). Also from the
SWICS-SWEPAM merged data, panel B shows the proton densityn§) and panel C
shows the proton temperature Tp). From the Magnetic Field Experiment (MAG)
(Smith et al, 1998), panel D shows the magnitude of the magnetic eldgj) and
panel E shows the angle of the magnetic eld, with the latitudinal anig ( ) in black
and the longitudinal angle () in red. The average oxygen charge statdQoi) and
average iron charge statenQr.i) are shown in panel F and G respectively, calculated
from SWICS. Finally, panel H shows the charge state distribution afon, calculated
from SWICS as well. The three vertical lines indicate when the shock abserved
(dashed cyan line), the ICME plasma begins (dashed magenta linendathe ICME
plasma ends (solid magenta line), all of the time periods obtained frattme Richardson
and Cane(2010) list. Many of the commonin situ indicators of an ICME are seen in
the plasma and magnetic eld observations. First, a linearly decreig bulk velocity
throughout the ICME, due to the expansion of the transient, is oferved beginning

at DOY 15005, corresponding to the beginning of the ICME period and ending
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at DOY 15065, immediately prior to the end of the period Russell and Shindge
2003). In the magnetic eld, we see both a strong increase in the gratude of the
magnetic eld, beginning at DOY 15005, (Klein and Burlaga, 1982) as well as
smooth rotation of the eld during the ICME, from DOY 15005 to DOY 15065
(Klein and Burlaga, 1982), which could be evidence of an embedded magnetic cloud
(Hirshberg and Colburn 1969;Klein and Burlaga, 1982;Zurbuchen and Richardson
2006). Finally, we see a drastic increase in the prevalence of hotit@n charge states,
beginning as early as DOY 14955 (Lepri and Zurbuchen 2004).

Figure 6.3 showsn situ observations from the Wind spacecraft, during the same
time period as Figure 6.2. In panel A, we show the bulk velocity) from the Solar
wind Experiment (SWE) (Ogilvie et al, 1995). Also from SWE, panel B shows
the proton density (n,) and panel C shows the proton temperatureT,). Panel D
shows the magnitude of the magnetic eldj@j) from the Magnetic Field Investigation
(MFI) ( Lepping et al, 1995). Panel E shows the angle of the magnetic eld vector,
with the latitudinal direction ( ) in black and the longitudinal direction ( ) in red,
also from MFI. The following three panels show compositional measments from
the suprathermal population from STICS. To ensure they are natontaminated with
the bulk population, only particles with velocities greater than twice he current bulk
speed, as observed by SWE, are considered. As we are only consigemultiply
charged heavy ions, we do not need to worry about contaminatiomofn any pick-
up ions as they do not contribute. In a similar fashion to Figure 6.2, wehow the
average oxygen charge statdiQoi) in panel F, the average iron charge statehQri)
in panel G, and the charge state distribution for iron Qr) in panel H. Once again
the same ICME boundaries are denoted by vertical lines. Comparirggure 6.3 to
Figure 6.2 we see considerable similarities in the properties of the plasmWe see
a decreasing bulk velocity, beginning at DOY 15005, an enhanced and smoothly

rotating magnetic eld, beginning at 15005, and elevated charge states within
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Figure 6.2: Plasma observations of an ICME observed by the ACE sgraft on
DOY 150 of 2003. Panel A-C shows the bulk solar wind velocity),
proton density (n,), and proton temperature (T,) respectively, all from
SWEPAM. Panel D shows the magnitude of the magnetic eldjBj), from
MAG. Panel E shows the latitude () and longitude () of the magnetic
eld vector from MAG. Panel F-H shows the average oxygen chaggstate
(hQoi), average iron charge statehQrei), and the charge state distribu-
tion of iron (Qg) respectively, all from SWICS. The ICME time periods
were determined fromRichardson and Cane(2010). The dashed cyan
line indicates the shock preceding the ICME, the dashed magenta line
indicates the beginning of the ICME plasma, and the solid magenta line
indicates the end of the ICME plasma.
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the ICME of the suprathermal particles, beginning . Additionally, jst upstream
of the shock, near DOY 14975, we see nominal iron charge states, much like
what is seen in the ACE/SWICS charge state distribution, charactestic of fast solar
wind. In general, the plasma observations are very similar on bothapecraft for this
ICME observation. These similarities in the plasma parameters impliesat the two
spacecraft are observing the same plasma, therefore allowing &valid comparison
between the two satellites.

For events 9 and 10, we are able to make suprathermal observasoduring both
the sheath region and inside the ICME itself. Figure 6.4 shows everi8 and 14. The
preceding shock was observed on DOY 236 of 2005 with the ICME eb&d entirely
on the same DOY. This gure is presented in an identical format to tht of Fig-
ure 6.2. Once again, we observe many of the characteristic indicat@f ICMES, such
as an enhanced magnetic eld with a smooth rotation beginning at DOY 23657.
Figure 6.5 shows the Wind observations for this time period, pres&a identically
to Figure 6.4. Comparing the plasma observations, we once again sestrong re-
semblance, lending con dence that both spacecraft are obsergithe same ICME. As
can be seen in panels F-H of Figure 6.5 we observe suprathermal plagor a short
duration in this ICME, mostly in the sheath.

To calculate the average charge states and charge state distrilmn during an
ICME time period, we rst determine the integrated density of the pasma from the
accumulated distribution function. The accumulated distribution function is simply
the phase space velocity distribution function that has been accutated for a spec-
i ed period of time. For each ICME, we accumulate the observed disbution for
a length of time coinciding with the duration of STICS suprathermal bservations.
Figure 6.6 shows theD®" distribution function observed by Wind/STICS integrated
over the entire ICME event 14. The vertical magenta line denotesi¢ two-solar-wind

cuto point, above which we integrate the distribution to obtain the density. From the
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Figure 6.3: Plasma observations of an ICME observed by the Wind sgecraft on
DOY 150 of 2003. Panel A-C shows the bulk solar wind velocityg),
proton density (n,), and proton temperature (T,) respectively, all from
SWE. Panel D shows magnitude of the magnetic eldjBj) from MFI.
Panel E shows the latitude () and longitude ( ) of the magnetic eld vec-
tor from MFI. Panel F-H shows the average oxygen charge sta(BQoi),
average iron charge statehQri ), and the charge state distribution of iron
(Qre) respectively, all calculated from STICS for particle velocities greer
than 2 Vy,. The ICME time periods were determined fronRichardson
and Cane (2010). The dashed cyan line indicates the shock preceding
the ICME, the dashed magenta line indicates the beginning of the ICi
plasma, and the solid magenta line indicates the end of the ICME plasma
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Figure 6.4: Plasma observations of an ICME observed by the ACE spcraft on DOY
236 of 2005, presented in the same fashion as Figure 6.2
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Figure 6.5: Plasma observations of an ICME observed by the Wind specraft on
DOY 236 of 2005, presented in the same fashion as Figure 6.3
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Wind/STICS instrument, we see that a signi cant portion of the distribution func-

tion lies above this cuto . From each ions' distribution function, we an calculate the
relative abundance of each ionic specieSy. . To do this we, we rst calculate the
total density for all the charge states of the particular atomic spcies. Next, we then
determine the summation of all the densities for each species. Finaltite relative

abundance for a particular ionic species is determined from the rataf the density
of the individual ionic species to the total density from all the charg states. This
process is shown in Equation 6.1. In Equation 6.1, we show the calcidais for the

relative abundance of both an oxygen specieSgx- , and and iron speciesSgex- .

Nox+
SOX+ = oA
n +n
06+ o7+ (6.1)

N e X+
Neegr TN+ ¥ Ng10+ T Ng11+ FNg12+ ¥ N4+ N 16+

Srex+

In Equation 6.1, nox+ represents the total density for an ionic species of oxygen
and ngex+ IS the density for an ionic species of iron.

The average charge statelQi, is then computed by calculating the weighted
summation of the relative abundance distribution, where the weighis simply the
ionic charge state, as shown in Equation 6.2. We only consider specidsch both
Wind/STICS and ACE/SWICS resolve. For each event we calculate # average
charge state,nQi, for both the bulk thermal population and the suprathermal popu

lation. We divide the events between sheath and ICME components.

rQoi = 6 SoG+ +7 So7+
Qri = 8 Spee+ +9 Speor +10  Spewor + (6.2)
11 Speur +12 Spgeir +14  Spersr + 16 Spetsr

In Equation 6.2, Qoi is the average charge state for oxygen anmri is the
average charge state of iron. AdditionallySyx- is the relative abundance of a ionic

species of oxygen an8g.x+ is the relative abundance for iron.
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Figure 6.6: The accumulated distribution function of0®* during the ICME on DOY
236 of 2005, observed by the Wind/STICS instrument. The errordrs
are the propagated statistical counting error. The vertical magnta line
shows our separation between the thermal and suprathermalgienes.
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6.3 Comparison of Suprathermal and Bulk Plasmas

In order to determine the source of the suprathermal plasma, vemalyze the ionic
composition of the suprathermal plasma. This plasma will retain thenique charac-
teristics of the seed plasma, if accelerated after it has left the SuBy determining
the thermal plasma that the suprathermal particles originate frm, we can further
limit the acceleration processes acting on it. We compare the compms of the
suprathermal plasma in the ICME to the local bulk plasma, observeduring the
same time period, and the bulk plasma that is upstream of the CME-tken shock.
First, we will consider the average oxygen charge state, for themathermal composi-
tion, and the bulk composition, data over a portion of the ICME perid. The length
of the accumulation is determined by the duration of valid STICS obseations of
suprathermal particles. We calculate and compare the charge t#a in three regions,
upstream of the CME-driven shock, the sheath (when presenthd inside the ICME.
The upstream bulk state is calculated from a six-hour accumulationgsiod occurring
upstream of the CME-driven shock. Again, we constrain the avega calculation of
the oxygen charge state to only those that we currently reportédm Wind/STICS.

In Figure 6.7, we show the comparison of the composition of oxygemhe hori-
zontal axis denotes the value of the average charge state of talk plasma, calcu-
lated from ACE/SWICS. The vertical axis denotes the average cinge state of the
suprathermal plasma, calculated from Wind/STICS. The blue dots @ time periods
which occur in the ICME sheath while the green dots are periods ocdng within the
ICME itself. The error bars represent the standard error of theverage. The large
size of the vertical error bars is due the consideration of only twgacies of oxygen.
Since 0% and O’* are the primary charge states observed in the solar wind.gndi
et al., 2012a), the value of the average state should not vary widely. & A shows the
local comparison while panel B shows the comparison between supeamal plasma

and the upstream bulk plasma.
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Figure 6.7: The average charge state of oxygenJoi) calculated for the bulk popula-
tion, from ACE/SWICS along the abscissa, and the suprathermalgpula-
tion, from Wind/STICS along the ordinate. Panel A shows a comparan
of the local charge states. The green dots are periods where therage
charge state was calculated inside of the ICME while the blue dots are
for periods in the sheath. In panel A, the average charge statesvcalcu-
lated during the same period for the suprathermal plasma and theulk
plasma, while panel B shows the comparison with the upstream com-
parison, where the suprathermal plasma charge state is still calated
in either the sheath or ICME, but the bulk plasma charge state is now
determined from a 6 hour accumulation upstream of the shock.
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In both panels, we can see that the suprathermal plasma spans laame state
range from 6:1to 6:5. The local bulk plasma shows a similar span of charge
states, in panel A, but panel B shows that the upstream bulk plasais centered
towards lower oxygen states, 6:05to 6:3. In panel A, a more linear relationship
between the bulk and suprathermal plasma is apparent, where highbulk charge
states correspond to higher suprathermal charge states. We dot see this same
relationship in panel B. Higher suprathermahQoi does not correspond to any par-
ticular upstream bulk oxygen charge state. Most of the upstreamomposition is
clustered near lower oxygen states. This relationship tells us thahé suprathermal
oxygen plasma is compositionally similar to local bulk plasma, but does tshare
a similar correlation to the upstream plasma. Calculating the Pearsncorrelation
coe cient, r con rms this relationship we observed by eye. The Pearson's colagon
coe cient is simply a relation describing the strength of a linear corriation between
two variables (Rodgers and Nicewander1988, and references therein). This score
varies between 1 and 1 equating to a strong negative correlation to a strong pos-
itive correlation. The comparison of locahQoi has a score of  0:55, indicating
a weak linear correlation, while the upstream comparison has a cdaton score of
r 0:12, which indicates that the two are not correlated at all.

To further validate the results from the oxygen composition we alsimvestigated
the composition of iron. Wind/STICS currently resolves a much widerange of
iron charge states than oxygen, namelf e®*, Fe®", Fel®* Fell*, Fe?", Fel4,
and Fe'®* . Additionally, iron has a large range of available charge state pregen
the solar wind, showing a wider range of charge states when comipgrsolar wind
observations to ICME observations. Figure 6.8 shows the companis of the average
charge state of suprathermal Fe to the local bulk plasma Fe in pand, and the
upstream bulk solar wind plasma in panel B. These scatterplots aregsented in

an identical format to Figure 6.7. The di erence between the localamparison and
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the upstream comparison is far more obvious. In the local compaois of panel A,
we see the average suprathermal charge state of iron vary from10 to 15 and
the local bulk plasma varying over the same range. The supratheamplasma is
once again linearly related to the local bulk plasma. In panel B, we casee that
upstream iron charge state varies from 9 to 115, which is more representative
of solar wind composition Gruesbeck et aJ.2011, and references therein), while the
suprathermal plasma varies over a much wider range. We once agaomputed
the Pearson's correlation coe cient to con rm the relationship we dserved visually.
The local comparison of suprathermal plasma to the bulk plasma is ryestrongly
correlated, with a value ofr  0:96, while the upstream correlation is much weaker,
with a value ofr  0:42. While the hQpi shows a weak correlationfQri shows a
strong correlation. The oxygen and iron charge state comparisoioth show that
the suprathermal plasma is compositionally related to the local bulklgsma and not
related to the composition of the upstream solar wind plasma.

Figures 6.7 and 6.8 both show that the suprathermal plasma comgitisn observed
during the ICME and sheath strongly resembles the local bulk plasmaomposition.
However, the suprathermal plasma does not have a strong relatghip with the bulk
plasma upstream of the CME-driven shock. This has strong implicatis on the origin
of the suprathermal plasma being accelerated. The supratherhpasma inside of the
ICME is most likely being accelerated out of the local bulk plasma populan and
not from plasma originating away from the ICME, for instance shoclaccelerated

heliospheric plasma.

6.4 Discussion

Energization at the CME-driven shock is thought to accelerate SEBo they tend
to precede ICMEs. They show evidence of energization by meansdotisive shock

acceleration Reames 2013;Desai et al, 2006). When a particle crosses a shock front
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Figure 6.8: The average charge state of irolQ¢,) calculated for the bulk population,
from ACE/SWICS along the abscissa, and the suprathermal poptuian,
from Wind/STICS along the ordinate. Presented in an identical forrat
to that of Figure 6.7
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it can become energized once it enters the region of compressedmpia downstream.
This compressed region adiabatically heats the plasma, acceleratitige particles
within (Drury, 1983). Di usive shock acceleration occurs when a particle becosne
trapped near the shock front Krymskii, 1977;Blandford and Ostriker, 1978). Once
trapped, the particle can bounce back and forth across the shgaxperiencing the
compression many times thereby accelerating the particle to highenergies with
each consecutive interactionlee, 1983). This process has been used to explain the
acceleration of suprathermal plasma from the bulkQGiacalone 2012; Jokipii and
Lee, 2010), but it has also been argued that the bulk plasma can not beciently
injected into the shock acceleration process-isk and Gloeckler 2012a). Di usive
shock acceleration can only occur if the injected particle is energeenough allowing
its motion to take it back and forth across the shock. Generally, ik requires particle
energies greater than the thermal energy of the bulk plasm®xury, 1983;Fisk and
Gloeckler, 2012a). The bulk plasma has a very small portion of particles whichowld
be energetic enough to enter into this mechanism, thus a di erent @hanism would
be needed to account for the propensity of suprathermal plasnadoserved.

One such alternative could be the pump mechanism introduced Wyisk and
Gloeckler (2012a). Particles are energized by this mechanism through adiaicsheat-
ing due to expansions and contractions in the local plasma. When th@asma is
compressed the particles gain energy adiabatically; while the inversecurs during
expansions of the plasma. The more energetic particles of the bullkagma, once
energized further by the compressions, may become mobile enodughescape the
turbulent region, retaining their new higher energies. Supratherah particles may
also experience these expansions and in turn become further gmed (Fisk and
Gloeckler, 2012a). This mechanism will act to di use the bulk plasma throughau
the energy spectrum. A process such as this would accelerate tbeal bulk plasma

up to suprathermal energies.
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Compressions and expansions in the local plasma are necessarytlier pump
mechanism to work. In the solar wind, these compressions can beried from tur-
bulence of the magnetic eld Fisk and Gloeckler 2008). Such a requirement, makes
this process very applicable to a wide variety of plasma regimes, ashulence oc-
curs in most dynamic systems, and ICMEs are no exception. Turbuee has been
observed within ICMEs through remote observations, such as thdtraviolet Corona-
graph Spectrometer (UVCS) on the Solar Heliospheric Observajo(SOHO) (Telloni
et al., 2010), as well asn situ from magnetic eld measurements, such as those from
the International Sun/Earth Explorer 3 (ISEE-3) (Ruzmaikin et al, 1997).

We have shown that the suprathermal composition observed in thgheath and
ICME is similar to the composition of the local bulk plasma and not the bk plasma
upstream of the shock. If the acceleration of the suprathermalasma found in the
ICME were happening at the shock we would expect two di ering scanos, neither
of which are observed. 1) We would expect to see compositions cangble to the
upstream plasma if the shock was accelerating the environment it svdeing driven
through, or 2) if the shock was energizing the ICME plasma, we woulkpect to see
a precursor of ICME suprathermal plasma upstream of the shochkut instead we see
very few suprathermal counts upstream and when we do it is similao tthe thermal
plasma. The CME-shock can only accelerate particles at its locatiorpstream of
the ICME, as particles have to interact with it to become accelerate The pump
mechanism, however, utilizes turbulence found throughout the @ena to accelerate

the particles, allowing for local acceleration throughout the durabn of the ICME.

6.5 Conclusion

We have presented some of the rst high-cadence observationssoiprathermal
heavy ion charge state distributions during ICMEs. Using these msarements we

have investigated the source population for the suprathermal nn ions present in
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ICMEs. Suprathermal plasma is known to be an important seed pofation for more
energetic particles, but the origin of these ions is not well undersid. Shock acceler-
ation, a common mechanism to produce energetic particles, may ro¢ an e cient
mechanism of elevating bulk solar wind plasma up to suprathermal egees. This
leaves the door open for a process which can accelerate the plasotally, such as
the pump acceleration mechanism.

Since, the charge state composition of heliospheric plasma is setyvelose to the
corona, it can be used to di erentiate between di erent plasma pagations, assuming
no mass-per-charge or charge dependent acceleration mechasisAny acceleration
occurring further out in the heliosphere will only act to energize thearticles and
not alter their ionic state. Using ICMEs observed simultaneously bydih ACE and
the Wind spacecraft, we compared the composition of the bulk plasnto that of the
suprathermal plasma. We found that the the composition of the gmathermal plasma
is strongly related to that of the co-located bulk plasma and not tohe bulk plasma
upstream of the shock. The suprathermal plasma seems to be elecated out of the
local bulk plasma and not shock accelerated from upstream plasma.

This alone does not discriminate between a local acceleration mecisam or pro-
duction during the ejection of the CME. The slowest of supratheral ions have a
velocity that is at least twice that of the ow speed of the bulk plasma If the
suprathermal particles are being produced at the Sun, during théME eruption, a
strong precursor of suprathermal ions should be seen prior toetfobservation of the
ICME, much like is seen with energetic ionsImith et al, 2004). This however is
not observed in our ICME candidates. Instead suprathermal pacles are observed
inside of the ICME time, co-located with similar bulk plasma. Further, inplying
that the suprathermal plasma is being accelerated from the locaullkk plasma by an

acceleration mechanism also occurring locally.
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CHAPTER VII

Conclusion

Composition measurements are powerful tools which can be useddiecriminate
between di erent types of solar wind plasma, such as slow streameind, fast coronal
hole wind, and even ICME plasma. Classi cation of the plasma is possibtecause
the charge state distribution is frozen-in very close to the surfacof the Sun. Charge
states maintain a ngerprint of the coronal environment from whib the measured
plasma originated. Over the course of this work, we have presetta series of studies
expanding on the usages ah situ composition measurements to address key questions

which we posed in the Introduction pertaining to the origin of ICME plama.

7.1 What are the Characteristics of the Early Coronal Envi-

ronment During CME Eruptions?

The eruption of a CME can be a violent event resulting in hotter than armal
plasma temperatures in the corona. Due to thign situ composition measurements
of ICME plasma are often indicative of very hot plasma temperatuge During many
observations of ICME plasma, charge states similar to the nominablar wind is
often concurrently observed with unusually hot charge states.HE nearly ubiquitous
observations of bi-modal iron charge state distributions during IREs implies that

these features are produced by an innate feature of the CME déwtion and not from
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an observational e ect or from the mixing of plasma con ned to magetic eld lines.

By employing a new charge state evolution model, we investigated tkarly coro-
nal environment, which determines then situ composition measuremed at 1 AU. The
concurrent in situ observation of nominal solar plasma and very hot plasma inside
of ICMEs is modeled to occur due to a rapid heating of the CME plasmaudng
ejection followed by a subsequent cooling due to adiabatic expansiovery early in
the lifetime of a CME, strong heating is believed to occur from soursesuch as com-
pressional heating of the plasma during reconnection or heatingpfn an associated
are. A signi cant heating of the plasma will act to increase the oveall charge state
of all the atomic species. Further out from the corona, the plasmao longer under-
goes heating while the volume continually expands, thereby loweringe temperature
and density. The ions undergo recombination and move towards lowgharge states,
but with the decreasing density the plasma quickly becomes frozem- This process
enables the production of the bi-modal iron charge state distribigns, with the rapid
initial heating producing very high charge states. As the plasma clsp a portion of
the iron ions approach nominal solar wind values while another signi caportion can
become stuck at a hotter Ne-like charge state. The plasma quicklyetomes frozen-in
producing the two peaked charge state distribution.

In addition to the bi-modal iron charge state distributions obserwe during ICMEs,
recent observations have also shown the presence of very coldrgk states observed
concurrently with these hot ionic charge states inside ICMEs. A sitgplasma under-
going adiabatic cooling following an initial rapid heating is not able to proace hot
ionic states simultaneously with very cold ion states. To produce theold ionic charge
states, the plasma must begin with a very low temperature along withn enhanced
electron density allowing for a prolonged period of recombination. lthis case, the
recombination is so e cient that no hot ionic states remain in the plasma. Another

method to produce cold ionic charge states would be for a much wealnitial heat-
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ing coupled with very cool initial temperatures. In this case, the plEma would never
become hot enough to produce the commonly observed high chasjates seen in
ICME plasma.

Remote observations show that prominence eruptions are oftessaciated with the
eruption of a CME. Prominence plasma is generally very dense and caligredients
perfect for the production of cold ionic states. The concurrentbservations of hot
charge states and anomalous cold charge states are likely proadlby a mixture of
hot ICME plasma and remnant prominence material associated witthé ejection of
the CME. Prominences are seen to be suspended in the coronal asphere along
neutral lines occurring in complex magnetic arcades. During the grion process,
the CME's magnetic eld may reconnect with those from an associadeprominence,
thereby allowing the mixing of the two distinct plasmas.

Compositional measurements provide very robust measures oétlow coronal en-
vironment. They are able to constrain many fundamental plasma pperties very
close to the Sun. Constraints on this environment can then help taalidate current
solar wind models by comparing model predictions to the estimatesom the ionic
composition. In addition, comparisons between di erent solar wind odels and con-
straints from the composition can be used to investigate various ropeting heating
mechanisms which accelerate the solar wind. Already, it has been winothat many
of these models overestimate the early ow velocity. The resultindharge states from
solar wind models model have cooler distributions than observed cha states. The
plasma is swept through the corona much quicker than expected.hi leaves little
time for the ions to fully adapt to the surrounding environment, whib results in the

reduced charge states from the model.
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7.2 What is the Origin of the Seed Population for the Suprathe

mal Plasma?

The source of suprathermal ions is still not fully understood. Utilizig the unique
compositional di erence between the typical solar wind and the htgr plasma found
inside ICMEs, the seed population for the suprathermal particlesao be constrained
and allow direct comparisons of the competing acceleration mechanss for these
particles. One theory relies on heliospheric shocks to accelerate thulk plasma into
the suprathermal regime, while the other employs local compresssand expansions,
potentially caused by turbulence in the magnetic eld, to continuouy accelerate the
local bulk plasma.

If heliospheric shocks accelerate the suprathermal plasma, théme resulting
suprathermal ionic composition would be comparable to the ionic coragition of
the plasma upstream of the shock. However, if an acceleration rhanism which
energizes the local plasma is at play, then the suprathermal ionicraposition would
be comparable to the co-located bulk plasma composition. In a fewseastudies, we
nd that the ionic composition of the suprathermal particles resemles the co-located
bulk plasma more than the upstream bulk plasma. The suprathermalasma is most
likely being accelerated from the local plasma. However, this alonencat rule out an
acceleration mechanism occurring during the ejection of the CME am the corona.
If this were the case, we would expect a precursor of supratheahparticles, with an
ionic composition indicative of ICME plasma. Suprathermal particlesenerally have
velocities at least twice the speed of the local bulk plasma. This implielsat the par-
ticles could reach the spacecraft quicker than the ICME, much likevat is observed
from higher energy ions. This is not observed in the cases we inveatey, further
implying that a continual local acceleration mechanism produces th&uprathermal

ions.
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7.3 Future Work

Many new investigations are possible, directly building upon the workrpsented in
this thesis. First, with the charge state evolution model, we have deloped a powerful
tool which can predict the coronal plasma environment. We have aady discussed
the next steps with the model, implementing it as a bridge between sgieoscopic mea-
surements andn situ observations. However, a number of other investigations should
also be conducted. We assume that the electron density distributias Maxwellian,
when estimating the ionization and recombination rates used in the alge state cal-
culation. The electron distribution in the heliosphere actually has a gwathermal
tail, taking a kappa distribution shape. To determine the e ect of the suprathermal
tail of the electron distribution on the charge state evolution, we an incorporate a
number of di erent ionization rates, from varying electron densitis, at each radial
step of the model. Comparing these results to the results from éwton model using
a Maxwellian distribution, we can determine the impact of the supratérmal tail on
the frozen-in charge state distribution observed at 1 AU. This is dyione example of
the new investigations which are possible with the charge state mdde

We have only just begun to use the suprathermal plasma obseri@ts from the
STICS instrument. We have identi ed a number of time periods wheréigh cadence
suprathermal plasma observations can be obtained using the adiap cadence accu-
mulation method. These periods are not only associated with ICME tienperiods,
but also periods during CIRs and inside the Earth's magnetosphereJsing these
time periods, and the full directional capabilities of the instrumentwe can investi-
gate the in uence of shocks on the suprathermal plasma, at a vaty of shock types
and strengths. Additionally, periods of heliospheric plasma have beebserved inside
the magnetosphere of Earth. Using the unique orbit of Wind, we canvestigate the

processes and e ect on solar wind plasma as it leaks into the magrsibere.
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7.4 Final Thoughts

There are many lasting impacts in the work that has been discusse@harge state
composition has long been used as a tool to discriminate between tragin and type
of observed plasma populations. It has also been used to probe tweonal electron
temperature at the height where the ions become frozen-in. Witthé advent of our
dynamic charge state evolution model, we are able to make estimatdshe full coro-
nal electron pro le as a function of height fromin situ composition measurements.
This enables us to make important predictions for early coronal h#ag, expansion,
and ow velocities from these composition measurements. Additiola we investi-
gate the e ect of CME expansion on the observenh situ composition measurements.

We have presented the rst high-cadence observations of theasige state distribu-
tion for suprathermal heavy ions present in ICMEs. By using a nol/@ccumulation
method, which adaptively sets the cadence for each observatiome determined a
number of time periods where high-cadence observations with suemtly low counting
error can be made. Using these ICME time periods, we compared tha@prathermal
composition to the bulk plasma composition. We nd that the supratlermal com-
position is strongly correlated to the local bulk plasma and not to théulk plasma
upstream of the preceding shock. The suprathermal plasma pees in ICMESs is
being accelerated from the local bulk plasma and not shock accetedh from the
heliospheric plasma the CME is driving through.

The methods introduced in this work can continue to be used in a nureb of
new investigations. Using the charge state evolution model we canidge the gap
between spectroscopic observations afl situ composition measurements. This can
aid in the end-to-end validation of solar wind models, as well as conain the early
plasma environment to enable further investigations of the heatingnd acceleration
mechanism of the solar wind. The ability to obtain high-cadence obsetions of

suprathermal minor ions, make investigations on the in uence of hespheric features
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on the suprathermal plasma possible. Wind's unique and long orbit willetp to
facilitate a wide array of studies, spanning solar cycles as well as pre@senvironments.
This rst ICME study is important in the determination of the seed population for
the suprathermal plasma, but is only one of the rst of many excitig discoveries

awaiting to be made from this dataset.

154



BIBLIOGRAPHY

155



BIBLIOGRAPHY

Acuna, M. H., K. W. Ogilvie, D. N. Baker, S. A. Curtis, D. H. Faireld, and
W. H. Mish (1995), The Global Geospace Science Program and Its/éistigations,
Space Sci. Rey.71, 5{21, doi:10.1007/BF00751323.

Akmal, A., J. C. Raymond, A. Vourlidas, B. Thompson, A. Ciaravella, Y-K. Ko,
M. Uzzo, and R. Wu (2001), SOHO Observations of a Coronal Masgetion, ApJ,
553 922{934, d0i:10.1086/320971.

Antiochos, S. K., R. B. Dahlburg, and J. A. Klimchuk (1994), The magetic eld of
solar prominencesApJ, 420 L41{L44, doi:10.1086/187158.

Antiochos, S. K., C. R. DeVore, and J. A. Klimchuk (1999), A Modeldr Solar Coronal
Mass Ejections,ApJ, 510 485{493, doi:10.1086/306563.

Aptekar, R. L., et al. (1995), Konus-W Gamma-Ray Burst Experimet for the GGS
Wind Spacecraft,Space Sci. Rev.71, 265{272, doi:10.1007/BF00751332.

Aulanier, G., N. Srivastava, and S. F. Martin (2000), Model Predigon for an Ob-
served Filament,ApJ, 543 447{456, doi:10.1086/317095.

Bame, S. J., J. R. Asbridge, W. C. Feldman, and P. D. Kearney (19Y,4The Quiet
Corona: Temperature and Temperature GradientSol. Phys, 35, 137{152, doi:
10.1007/BF00156963.

Bame, S. J., J. R. Asbridge, W. C. Feldman, E. E. Fenimore, and J. Tcosling (1979),
Solar wind heavy ions from are-heated coronal plasm&ol. Phys, 62, 179{201,
doi:10.1007/BF00150143.

Bell, A. R. (1978), The acceleration of cosmic rays in shock fronts. MNRAS, 182
147{156.

Blandford, R. D., and J. P. Ostriker (1978), Particle acceleration Y astrophysical
shocks,ApJ, 221, L29{L32, doi:10.1086/182658.

Boteler, D. H., R. J. Pirjola, and H. Nevanlinna (1998), The e ects bgeomagnetic
disturbances on electrical systems at the earth's surfacAdvances in Space Re-
search 22, 17{27, doi:10.1016/S0273-1177(97)01096-X.

Bougeret, J.-L., et al. (1995), Waves: The Radio and Plasma Waveuestigation on
the Wind Spacecraft,Space Sci. Rey.71, 231{263, do0i:10.1007/BF00751331.

156



Brueckner, G. E., et al. (1995), The Large Angle Spectroscopic magraph
(LASCO), Sol. Phys, 162 357{402, doi:10.1007/BF00733434.

Buergi, A., and J. Geiss (1986), Helium and minor ions in the corona arslar wind
- Dynamics and charge statesSol. Phys, 103 347{383, doi:10.1007/BF00147835.

Burlaga, L., E. Sittler, F. Mariani, and R. Schwenn (1981), Magnetitoop behind an
interplanetary shock - Voyager, Helios, and IMP 8 observationd, Geophys. Res.
86, 6673{6684, doi:10.1029/JA086iA08p06673.

Burlaga, L. F., S. P. Plunkett, and O. C. St. Cyr (2002), Successtv CMEs and
complex ejecta,Journal of Geophysical Research (Space Physic4)07, 1266, doi:
10.1029/2001JA000255.

Caneld, R. C., and K. P. Reardon (1998), The Eruptive Flare of 15 Mvember 1991.:
Pre are Phenomena,Sol. Phys, 182 145{157, doi:10.1023/A:1005086108043.

Chotoo, K. (1998), Measurements of H(+), He(2+), and He(+),in Corotating Inter-
action Regions at 1 AU, Ph.D. thesis, UNIVERSITY OF MARYLAND COLLEGE
PARK.

Chotoo, K., M. R. Collier, A. B. Galvin, D. C. Hamilton, and G. Gloeckler (1998),
Extended solar wind helium distribution functions in high-speed streas, J. Geo-
phys. Res, 103 17,441{17,446, doi:10.1029/98JA01173.

Chotoo, K., et al. (2000), The suprathermal seed population foocotating interaction
region ions at 1 AU deduced from composition and spectra of H(+), éf++),
and He(+) observed on Wind,J. Geophys. Res.105 23,107{23,122, doi:10.1029/
1998JA000015.

Ciaravella, A., J. C. Raymond, F. Reale, L. Strachan, and G. Pere2@01), 1997
December 12 Helical Coronal Mass Ejection. Il. Density, Energysimates, and
Hydrodynamics, ApJ, 557, 351{365, do0i:10.1086/321662.

Ciaravella, A., J. C. Raymond, A. van Ballegooijen, L. Strachan, A. vurlidas, J. Li,
J. Chen, and A. Panasyuk (2003), Physical Parameters of the @D February 11
Coronal Mass Ejection: Ultraviolet Spectra versus White-Light Imges,ApJ, 597,
1118{1134, doi:10.1086/381220.

Ciaravella, A., et al. (1997), Ultraviolet Coronagraph SpectrometeObservation of
the 1996 December 23 Coronal Mass EjectioApJ, 491, L59, doi:10.1086/311048.

Cole, D. G. (2003), Space weather: its e ects and predictabilitygpace Sci. Rey.107,
295{302, doi:10.1023/A:1025500513499.

Compton, W. D., and C. D. Benson (1983), Living and working in spacea history
of Skylab, NASA Special Publication 4208

157



Corona-Romero, P., J. A. Gonzalez-Esparza, and E. Aguilar-Raduez (2012),
Propagation of Fast Coronal Mass Ejections and Shock Waves Assated with
Type Il Radio-Burst Emission: An Analytic Study, Sol. Phys, doi:10.1007/
s11207-012-0103-9.

Cowan, R. D., and J. B. Mann (1979), Contribution of autoionizatiorto total ioniza-
tion rates, ApJ, 232 940{947, doi:10.1086/157357.

Cranmer, S. R., A. A. van Ballegooijen, and R. J. Edgar (2007), Setbnsistent Coro-
nal Heating and Solar Wind Acceleration from Anisotropic Magnetolgrodynamic
Turbulence, ApJS, 171, 520{551, doi:10.1086/518001.

Culhane, J. L., et al. (2007), The EUV Imaging Spectrometer for Hode, Sol. Phys,
243 19{61, doi:10.1007/s01007-007-0293-1.

Dauphin, C., N. Vilmer, and S. Krucker (2006), Observations of a #oX-ray rising
loop associated with a type Il burst and a coronal mass ejection ihé 03 November
2003 X-ray are, A&A, 455 339{348, doi:10.1051/0004-6361:20054535.

Dayeh, M. A., M. |. Desai, J. R. Dwyer, H. K. Rassoul, G. M. Mason, rad J. E.
Mazur (2009), Composition and Spectral Properties of the 1 AU Qet-Time
Suprathermal lon Population During Solar Cycle 23ApJ, 693 1588{1600, doi:
10.1088/0004-637X/693/2/1588.

Dere, K. P., etal. (1997), EIT and LASCO Observations of the Initition of a Coronal
Mass Ejection,Sol. Phys, 175 601{612, doi:10.1023/A:1004907307376.

Desai, M. I., G. M. Mason, R. E. Gold, S. M. Krimigis, C. M. S. Cohen, RA. Mewaldt,
J. E. Mazur, and J. R. Dwyer (2006), Heavy-lon Elemental Abunances in Large
Solar Energetic Particle Events and Their Implications for the Seeddpulation,
ApJ, 649, 470{489, doi:10.1086/505649.

Drury, L. O. (1983), An introduction to the theory of di usive shock acceleration of
energetic particles in tenuous plasmadleports on Progress in Physics46, 973{
1027, doi:10.1088/0034-4885/46/8/002.

Edmondson, J. K. (2012), On the Role of Interchange Reconnewrt in the Gen-
eration of the Slow Solar Wind, Space Sci. Rey. 172, 209{225, doi:10.1007/
$11214-011-9767-y.

Fenimore, E. E. (1980), Solar wind ows associated with hot heavy g, ApJ, 235
245{257, doi:10.1086/157628.

Fisk, L. A., and G. Gloeckler (2006), The Common Spectrum for Actagated lons in
the Quiet-Time Solar Wind, ApJ, 640, L79{L82, doi:10.1086/503293.

Fisk, L. A., and G. Gloeckler (2007), Acceleration and Composition @olar Wind
Suprathermal Tails, Space Sci. Rey.130, 153{160, doi:10.1007/s11214-007-9180-8.

158



Fisk, L. A., and G. Gloeckler (2008), Acceleration of Suprathermdlails in the Solar
wind, ApJ, 686, 1466{1473, doi:10.1086/591543.

Fisk, L. A., and G. Gloeckler (2009), The acceleration of AnomalousoSmic Rays by
stochastic acceleration in the heliosheatmdvances in Space Researcd3, 1471{
1478, doi:10.1016/j.asr.2009.02.010.

Fisk, L. A., and G. Gloeckler (2012a), Particle Acceleration in the Helgphere:
Implications for Astrophysics, Space Sci. Rey. 173 433{458, do0i:10.1007/
$11214-012-9899-8.

Fisk, L. A., and G. Gloeckler (2012b), Acceleration of Galactic CosmiRays in the
Interstellar Medium, ApJ, 744, 127, doi:10.1088/0004-637X/744/2/127.

Fisk, L. A., and M. A. Lee (1980), Shock acceleration of energetiamicles in corotat-
ing interaction regions in the solar wind ApJ, 237, 620{626, doi:10.1086/157907.

Forbes, T. G., et al. (2006), CME Theory and ModelsSpace Sci. Rey.123 251{302,
doi:10.1007/s11214-006-9019-8.

Gallagher, P. T., G. R. Lawrence, and B. R. Dennis (2003), Rapid Aeteration of a
Coronal Mass Ejection in the Low Corona and Implications for Proggation, ApJ,
588 L53{L56, doi:10.1086/375504.

Galvin, A. B., et al. (2008), The Plasma and Suprathermal lon Compsition (PLAS-
TIC) Investigation on the STEREO Observatories,Space Sci. Rey.136, 437{486,
doi:10.1007/s11214-007-9296-X.

Geiss, J., et al. (1995), The Southern High-Speed Stream: Resulsm the SWICS
Instrument on Ulysses,Science 268 1033{1036, doi:10.1126/science.7754380.

Giacalone, J. (2012), Energetic Charged Particles Associated wigtrong Interplan-
etary Shocks,ApJ, 761, 28, doi:10.1088/0004-637X/761/1/28.

Gibson, S. E., Y. Fan, T. Terek, and B. Kliem (2006), The Evolving Sgmoid: Ev-
idence for Magnetic Flux Ropes in the Corona Before, During, and #&f CMES,
Space Sci. Rev.124, 131{144, do0i:10.1007/s11214-006-9101-2.

Gilbert, H. R., V. H. Hansteen, and T. E. Holzer (2002), Neutral Abm Di usion in
a Patrtially lonized Prominence PlasmaApJ, 577, 464{474, doi:10.1086/342165.

Gilbert, H. R., L. E. Falco, T. E. Holzer, and R. M. MacQueen (2006)Application
of a New Technique for Deriving Prominence Mass from SOHO EIT Fe X(19.5
nm) Absorption Features,ApJ, 641, 606{610, doi:10.1086/500354.

Gilbert, J. A., S. T. Lepri, E. Landi, and T. H. Zurbuchen (2012), First Measurements
of the Complete Heavy-ion Charge State Distributions of C, O, andeFAssociated
with Interplanetary Coronal Mass Ejections,ApJ, 751, 20, doi:10.1088/0004-637X/
751/1/20.

159



Gloeckler, G., J. Geiss, H. Balsiger, L. A. Fisk, A. B. Galvin, F. M. Ipaich, K. W.
Ogilvie, R. von Steiger, and B. Wilken (1993), Detection of intersteltapick-up
hydrogen in the solar systemScience 261, 70{73, doi:10.1126/science.261.5117.70.

Gloeckler, G., L. A. Fisk, S. Hefti, N. A. Schwadron, T. H. Zurbuche, F. M. Ipavich,
J. Geiss, P. Bochsler, and R. F. Wimmer-Schweingruber (1999), ubual composi-
tion of the solar wind in the 2-3 May 1998 CME observed with SWICS on @E,
Geophys. Res. Lett.26, 157{160, doi:10.1029/1998GL900166.

Gloeckler, G., L. A. Fisk, T. H. Zurbuchen, and N. A. Schwadron (200), Sources, in-
jection and acceleration of heliospheric ion populations, ikcceleration and Trans-
port of Energetic Particles Observed in the HeliospherdAmerican Institute of
Physics Conference Serievol. 528, edited by R. A. Mewaldt, J. R. Jokipii, M. A.
Lee, E. Mebius, and T. H. Zurbuchen, pp. 221{228, doi:10.1063/1324316.

Gloeckler, G., T. H. Zurbuchen, and J. Geiss (2003), Implications afie observed
anticorrelation between solar wind speed and coronal electron tperature, Journal
of Geophysical Research (Space Physic4)08 1158, doi:10.1029/2002JA009286.

Gloeckler, G., L. A. Fisk, G. M. Mason, and M. E. Hill (2008), Formatim of Power
Law Tail with Spectral Index-5 Inside and Beyond the Heliospheren American
Institute of Physics Conference SeriesAmerican Institute of Physics Conference
Series vol. 1039, edited by G. Li, Q. Hu, O. Verkhoglyadova, G. P. Zank, RP.
Lin, and J. Luhmann, pp. 367{374, doi:10.1063/1.2982473.

Gloeckler, G., et al. (1992), The Solar Wind lon Composition Spectrogter, A&AS,
92, 267{289.

Gloeckler, G., et al. (1995), The Solar Wind and Suprathermal lon @oposition
Investigation on the Wind Spacecraft,Space Sci. Rey.71, 79{124, doi:10.1007/
BF00751327.

Gloeckler, G., et al. (1998), Investigation of the composition of saland interstellar
matter using solar wind and pickup ion measurements with SWICS and8MS on
the ACE spacecraft,Space Sci. Rey.86, 497{539, doi:10.1023/A:1005036131689.

Go, C. P, L. van Driel-Gesztelyi, L. K. Harra, S. A. Matthews, and C. H. Mandrini
(2005), A slow coronal mass ejection with rising X-ray sourcA&A , 434, 761{771,
doi:10.1051/0004-6361:20042321.

Gombosi, T. I, D. L. DeZeeuw, C. P. T. Groth, K. G. Powell, and Q. FStout (2000),
Multiscale MHD simulation of a coronal mass ejection and its interactiowith the
magnetosphere-ionosphere systenmdpurnal of Atmospheric and Solar-Terrestrial
Physics 62, 1515{1525, do0i:10.1016/S1364-6826(00)00091-2.

Gonzalez, W. D., J. A. Joselyn, Y. Kamide, H. W. Kroehl, G. RostokerB. T. Tsuru-
tani, and V. M. Vasyliunas (1994), What is a geomagnetic storm3, Geophys. Res.
99, 5771{5792, doi:10.1029/93JA02867.

160



Gopalswamy, N. (2008), Type Il Radio Emission and Solar Energeti@Ricle Events,
in American Institute of Physics Conference SerieAmerican Institute of Physics
Conference Seriesvol. 1039, edited by G. Li, Q. Hu, O. Verkhoglyadova, G. P.
Zank, R. P. Lin, and J. Luhmann, pp. 196{202, doi:10.1063/1.29828.

Gopalswamy, N., S. Yashiro, M. L. Kaiser, R. A. Howard, and J.-L. Bageret (2001),
Radio Signatures of Coronal Mass Ejection Interaction: CorondWlass Ejection
Cannibalism?,ApJ, 548 L91{L94, doi:10.1086/318939.

Gopalswamy, N., M. Shimojo, W. Lu, S. Yashiro, K. Shibasaki, and R. AHoward
(2003), Prominence Eruptions and Coronal Mass Ejection: A Statical Study
Using Microwave ObservationsApJ, 586, 562{578, doi:10.1086/367614.

Gopalswamy, N., S. Nunes, S. Yashiro, and R. A. Howard (2004), Nability of
solar eruptions during cycle 23 Advances in Space Researct84, 391{396, doi:
10.1016/j.asr.2003.10.054.

Gosling, J. T., V. Pizzo, and S. J. Bame (1973), Anomalously low pratotempera-
tures in the solar wind following interplanetary shock waves{evidercfor magnetic
bottles?,J. Geophys. Res.78, 2001, doi:10.1029/JA078i013p02001.

Gosling, J. T., E. Hildner, R. M. MacQueen, R. H. Munro, A. |. Poland,and C. L.
Ross (1974), Mass ejections from the sun - A view from SKYLAB, Geophys. Res.
79, 4581{4587, doi:10.1029/JA079i031p04581.

Gosling, J. T., A. J. Hundhausen, and S. J. Bame (1976), Solar windresam evolu-
tion at large heliocentric distances - Experimental demonstrationral the test of a
model, J. Geophys. Res.81, 2111{2122, doi:10.1029/JA081i013p02111.

Gosling, J. T., J. R. Asbridge, S. J. Bame, W. C. Feldman, and R. D. Zekl (1980),
Observations of large uxes of He/+/ in the solar wind following an inteplanetary
shock,J. Geophys. Res.85, 3431{3434, do0i:10.1029/JA085iA07p03431.

Gosling, J. T., S. J. Bame, E. J. Smith, and M. E. Burton (1988), Farard-reverse
shock pairs associated with transient disturbances in the solar wirad 1 AU, J. Geo-
phys. Res, 93, 8741{8748, d0i:10.1029/JA093iA08p08741.

Gosling, J. T., D. J. McComas, J. L. Phillips, L. A. Weiss, V. J. Pizzo, BE. Goldstein,
and R. J. Forsyth (1994), A new class of forward-reverse shopkirs in the solar
wind, Geophys. Res. Lett.21, 2271{2274, doi:10.1029/94GL02245.

Gruesbeck, J. R., S. T. Lepri, T. H. Zurbuchen, and S. K. Antioch® (2011), Con-
straints on Coronal Mass Ejection Evolution from in Situ Observatios of lonic
Charge States ApJ, 730 103, doi:10.1088/0004-637X/730/2/103.

Gruesbeck, J. R., S. T. Lepri, and T. H. Zurbuchen (2012), Twolasma Model for
Low Charge State Interplanetary Coronal Mass Ejection Obseations, ApJ, 760,
141, doi:10.1088/0004-637X/760/2/141.

161



Hansteen, V. H., and E. Leer (1995), Coronal heating, densitieand temperatures
and solar wind acceleration,J. Geophys. Res. 100, 21,577{21,594, do0i:10.1029/
95JA02300.

Hansteen, V. H., and M. Velli (2012), Solar Wind Models from the Chraosphere to
1 AU, Space Sci. Rey.172 89{121, doi:10.1007/s11214-012-9887-z.

Harrison, R. A. (1995), The nature of solar ares associated witboronal mass ejec-
tion., A&A , 304, 585.

Harrison, R. A., et al. (2008), First Imaging of Coronal Mass Eje@ins in the He-
liosphere Viewed from Outside the Sun Earth LineSol. Phys, 247, 171{193, doi:
10.1007/s11207-007-9083-6.

Harten, R., and K. Clark (1995), The Design Features of the GGS Wihand Polar
Spacecraft,Space Sci. Rev.71, 23{40, doi:10.1007/BF00751324.

Henke, T., J. Woch, R. Schwenn, U. Mall, G. Gloeckler, R. von Steiger. J. Forsyth,
and A. Balogh (2001), lonization state and magnetic topology of omnal mass
ejections,J. Geophys. Res.106, 10,597{10,614, doi:10.1029/2000JA900176.

Henke, T., et al. (1998), Dierences in the 3" /0% ratio of magnetic cloud and
non-cloud coronal mass ejection§&eophys. Res. Lett.25, 3465{3468, doi:10.1029/
98GL02632.

Hill, M. E., N. A. Schwadron, D. C. Hamilton, R. D. Di Fabio, and R. K. Squier
(2009), Interplanetary Suprathermal Hé and He™ Observations During Quiet
Periods from 1 to 9 AU and Implications for Particle AccelerationApJ, 699, L26{
L30, doi:10.1088/0004-637X/699/1/L.26.

Hirshberg, J., and D. S. Colburn (1969), Interplanetary eld and gomagnetic
variations-a uni ed view, Planet. Space Scj.17, 1183, doi:10.1016/0032-0633(69)
90010-5.

Hirshberg, J., J. R. Asbridge, and D. E. Robbins (1971), The Heliurgnriched Inter-
planetary Plasma from the Proton Flares of August/September, 366, Sol. Phys,
18, 313{320, do0i:10.1007/BF00145946.

House, L. L., W. J. Wagner, E. Hildner, C. Sawyer, and H. U. SchmidtL981), Studies
of the corona with the Solar Maximum Mission coronagraph/polarimetr, ApJ, 244,
L117{L121, doi:10.1086/183494.

Hundhausen, A. (1972)Coronal Expansion and Solar WindPhysics and Chemistry
in Space vol. 5, Springer, Berlin; New York.

Hundhausen, A. J. (1987), The Origin and Propagation of CorondWlass Ejections
(R), in Sixth International Solar Wind Conferenceedited by V. J. Pizzo, T. Holzer,
and D. G. Sime, p. 181.

162



Hundhausen, A. J., and J. T. Gosling (1976), Solar wind structuretéarge heliocentric
distances - an interpretation of Pioneer 10 observationd, Geophys. Res.81, 1436{
1440, doi:10.1029/JA081i007p01436.

Hundhausen, A. J., H. E. Gilbert, and S. J. Bame (1968), lonizatiostate of the
interplanetary plasma,J. Geophys. Res.73, 5485, doi:10.1029/JA073i017p05485.

llling, R. M. E., and A. J. Hundhausen (1985), Observation of a cor@l transient from
1.2 to 6 solar radii,J. Geophys. Res.90, 275{282, doi:10.1029/JA090iA01p00275.

llling, R. M. E., and A. J. Hundhausen (1986), Disruption of a coronastreamer by
an eruptive prominence and coronal mass ejectiod, Geophys. Res.91, 10,951{
10,960, doi:10.1029/JA091iA10p10951.

Jian, L., C. T. Russell, J. G. Luhmann, and R. M. Skoug (2006), Pragties of
Interplanetary Coronal Mass Ejections at One AU During 1995 2d0 Sol. Phys,
239 393{436, do0i:10.1007/s11207-006-0133-2.

Jin, M., et al. (2012), A Global Two-temperature Corona and InnemHeliosphere
Model: A Comprehensive Validation StudyApJ, 745 6, doi:10.1088/0004-637X/
745/1/6.

Jokipii, J. R., and M. A. Lee (2010), Compression Acceleration in Astphysical
Plasmas and the Production of f(v) vprop v ° Spectra in the HeliosphereApJ,
713 475{483, doi:10.1088/0004-637X/713/1/475.

Kaiser, M. L., T. A. Kucera, J. M. Davila, O. C. St. Cyr, M. Guhathakurta, and
E. Christian (2008), The STEREO Mission: An Introduction, Space Sci. Rey.
136, 5{16, doi:10.1007/s11214-007-9277-0.

Karpen, J. T., S. K. Antiochos, M. Hohensee, J. A. Klimchuk, and PJ. MacNeice
(2001), Are Magnetic Dips Necessary for Prominence Formation®pJ, 553 L85{
L88, doi:10.1086/320497.

Kilpua, E. K. J., L. K. Jian, Y. Li, J. G. Luhmann, and C. T. Russell (2011), Multi-
point ICME encounters: Pre-STEREO and STEREO observationsJournal of At-
mospheric and Solar-Terrestrial Physics73, 1228{1241, doi:10.1016/].jastp.2010.
10.012.

Kilpua, E. K. J., et al. (2009), Multispacecraft Observations of Magetic Clouds
and Their Solar Origins between 19 and 23 May 20030l. Phys, 254, 325{344,
doi:10.1007/s11207-008-9300-y.

Klein, L. W., and L. F. Burlaga (1982), Interplanetary magnetic cloals at 1 AU,
J. Geophys. Res.87, 613{624, doi:10.1029/JA087iA02p00613.

Ko, Y.-K., L. A. Fisk, J. Geiss, G. Gloeckler, and M. Guhathakurta (B97), An
Empirical Study of the Electron Temperature and Heavy lon Velocies in the
South Polar Coronal Hole,Sol. Phys, 171, 345{361.

163



Koskinen, H. E. J., and K. E. J. Huttunen (2006), Geoe ectivity of Coronal Mass
Ejections, Space Sci. Rey.124, 169{181, doi:10.1007/s11214-006-9103-0.

Krucker, S., H. S. Hudson, L. Glesener, S. M. White, S. Masuda, B.-Wuelser, and
R. P. Lin (2010), Measurements of the Coronal Acceleration Regicof a Solar
Flare, ApJ, 714, 1108{1119, doi:10.1088/0004-637X/714/2/1108.

Krymskii, G. F. (1977), A regular mechanism for the acceleration aharged particles
on the front of a shock wave Akademiia Nauk SSSR Doklady234, 1306{1308.

Laming, J. M., and S. T. Lepri (2007), lon Charge States in the FasSolar Wind:
New Data Analysis and Theoretical Re nements,ApJ, 660 1642{1652, doi:10.
1086/513505.

Laming, J. M., J. D. Moses, Y.-K. Ko, C. K. Ng, C. E. Rakowski, and AJ. Tylka
(2013), On the Remote Detection of Suprathermal lons in the Sel&€orona and
their Role as Seeds for Solar Energetic Particle Productio®pJ, 770, 73, doi:
10.1088/0004-637X/770/1/73.

Landi, E., R. L. Alexander, J. R. Gruesbeck, J. A. Gilbert, S. T. Lep, W. B. Manch-
ester, and T. H. Zurbuchen (2012a), Carbon lonization Stages @ Diagnostic of
the Solar Wind, ApJ, 744, 100, doi:10.1088/0004-637X/744/2/100.

Landi, E., J. R. Gruesbeck, S. T. Lepri, and T. H. Zurbuchen (2013, New Solar
Wind Diagnostic Using Both in Situ and Spectroscopic MeasurementépJ, 750,
159, doi:10.1088/0004-637X/750/2/159.

Landi, E., J. R. Gruesbeck, S. T. Lepri, T. H. Zurbuchen, and L. AFisk (2012c),
Charge State Evolution in the Solar Wind. Radiative Losses in Fast Saol&Vind
Plasmas,ApJ, 758 L21, doi:10.1088/2041-8205/758/1/L21.

Landi, E., J. R. Gruesbeck, S. T. Lepri, T. H. Zurbuchen, and L. AFisk (2012d),
Charge State Evolution in the Solar Wind. II. Plasma Charge State Goposition
in the Inner Corona and Accelerating Fast Solar WindApJ, 761, 48, doi:10.1088/
0004-637X/761/1/48.

Larson, W. J., and J. R. Wertz (2005),Space Mission and DesigrSpace Technology
Series, third ed., Microsom Press, El Segundo; Califronia.

Lee, M. A. (1983), Coupled hydromagnetic wave excitation and ionceeleration
at interplanetary traveling shocks,J. Geophys. Res.88, 6109{6119, doi:10.1029/
JA088iA08p06109.

Lee, M. A, R. A. Mewaldt, and J. Giacalone (2012), Shock Acceleiah of lons in
the Heliosphere,Space Sci. Rey.173 247{281, doi:10.1007/s11214-012-9932-y.

Lepping, R. P., L. F. Burlaga, and J. A. Jones (1990), Magnetic eldstructure of
interplanetary magnetic clouds at 1 AU,J. Geophys. Res.95, 11,957{11,965, doi:
10.1029/JA095iA08p11957.

164



Lepping, R. P., et al. (1995), The Wind Magnetic Field InvestigationSpace Sci. Rey.
71, 207{229, doi:10.1007/BF00751330.

Lepri, S. T., and T. H. Zurbuchen (2004), Iron charge state disifoutions as an indi-
cator of hot ICMEs: Possible sources and temporal and spatial nations during
solar maximum,J. Geophys. Res.109 A01112, doi:10.1029/2003JA009954.

Lepri, S. T., and T. H. Zurbuchen (2010), Direct Observational Exence of Filament
Material Within Interplanetary Coronal Mass Ejections, ApJ, 723 L22{L27, doi:
10.1088/2041-8205/723/1/L22.

Lepri, S. T., T. H. Zurbuchen, L. A. Fisk, I. G. Richardson, H. V. Cae, and
G. Gloeckler (2001), Iron charge distribution as an identi er of inteplane-
tary coronal mass ejectionsJ. Geophys. Res. 106, 29,231{29,238, do0i:10.1029/
2001JA000014.

Lepri, S. T., J. M. Laming, C. E. Rakowski, and R. von Steiger (2012)Spatially
Dependent Heating and lonization in an ICME Observed by Both ACErad Ulysses,
ApJ, 760, 105, doi:10.1088/0004-637X/760/2/105.

Li, Y., B. J. Lynch, G. Stenborg, J. G. Luhmann, K. E. J. Huttunen, B. T. Welsch,
P. C. Liewer, and A. Vourlidas (2008), The Solar Magnetic Field and Gonal
Dynamics of the Eruption on 2007 May 19ApJ, 681, L37{L40, doi:10.1086/590340.

Lin, R. P, et al. (1995), A Three-Dimensional Plasma and Energeticéd?ticle In-
vestigation for the Wind Spacecraft,Space Sci. Rey.71, 125{153, doi:10.1007/
BF00751328.

Lin, R. P, et al. (2003), RHESSI Observations of Particle Accelerein and Energy
Release in an Intense Solar Gamma-Ray Line FlarépJ, 595 L69{L76, doi:10.
1086/378932.

Linker, J. A., G. van Hoven, and D. D. Schnack (1990), MHD simulatios of coronal
mass ejections - Importance of the driving mechanismd, Geophys. Res.95, 4229{
4238, doi:10.1029/JA095iA04p04229.

Low, B. C. (1996), Solar Activity and the Corona, Sol. Phys, 167, 217{265, doi:
10.1007/BF00146338.

Low, B. C. (1999), Coronal Mass Ejections, ares and promineers, in American
Institute of Physics Conference SeriesAmerican Institute of Physics Conference
Series vol. 471, edited by S. R. Habbal, R. Esser, J. V. Hollweg, and P. Asénberg,
pp. 109{114, doi:10.1063/1.58788.

Low, B. C., R. H. Munro, and R. R. Fisher (1982), The initiation of a coonal tran-
sient, ApJ, 254, 335{342, doi:10.1086/159737.

Low, B. C., B. Fong, and Y. Fan (2003), The Mass of a Solar Quies¢dProminence,
ApJ, 594, 1060{1067, do0i:10.1086/377042.

165



Lynch, B. J., S. K. Antiochos, P. J. MacNeice, T. H. Zurbuchen, ah L. A. Fisk
(2004), Observable Properties of the Breakout Model for CorahMass Ejections,
ApJ, 617, 589{599, doi:10.1086/424564.

Lynch, B. J., et al. (2011), lonic Composition Structure of CoronaMass Ejec-
tions in Axisymmetric Magnetohydrodynamic ModelsApJ, 740, 112, doi:10.1088/
0004-637X/740/2/112.

MacQueen, R. M., J. A. Eddy, J. T. Gosling, E. Hildner, R. H. Munro, G A. Newkirk,
Jr., A. |. Poland, and C. L. Ross (1974), The Outer Solar Corona &@bserved from
Skylab: Preliminary Results,ApJ, 187, L85, doi:10.1086/181402.

MacQueen, R. M., A. Csoeke-Poeckh, E. Hildner, L. House, R. Reglds, A. Stanger,
H. Tepoel, and W. Wagner (1980), The High Altitude Observatory Cmna-
graph/Polarimeter on the Solar Maximum Mission,Sol. Phys, 65, 91{107, doi:
10.1007/BF00151386.

Mall, U., E. Kirsch, K. Cierpka, B. Wilken, A. Seding, F. Neubauer, G. Gloeckler,
and A. Galvin (1998), Direct observation of lunar pick-up ions nearhte Moon,
Geophys. Res. Letf.25, 3799{3802, doi:10.1029/1998GL900003.

Manchester, W. B., and T. H. Zurbuchen (2006), Are high-latituddorward-reverse
shock pairs driven by CME overexpansiondournal of Geophysical Research (Space
Physics) 111, A05101, doi:10.1029/2005JA011461.

Marsch, E., R. von Steiger, and P. Bochsler (1995), Element fraghation by di usion
in the solar chromosphere.A&A , 301, 261.

Mason, G. M., M. |. Desai, and G. Li (2012), Solar Cycle Abundancea¥iations in
Corotating Interaction Regions: Evidence for a Suprathermal roSeed Population,
ApJ, 748 L31, doi:10.1088/2041-8205/748/2/L31.

Mazzotta, P., G. Mazzitelli, S. Colafrancesco, and N. Vittorio (1998 lonization
balance for optically thin plasmas: Rate coe cients for all atoms andons of the
elements H to NI,A&AS, 133 403{409, doi:10.1051/aas:1998330.

McComas, D. J., J. L. Phillips, S. J. Bame, J. T. Gosling, B. E. Goldstein
and M. Neugebauer (1995), Ulysses solar wind observations to 5§outh,
Space Sci. Revy.72, 93{98, d0i:10.1007/BF00768760.

McComas, D. J., S. J. Bame, P. Barker, W. C. Feldman, J. L. Phillips, PRiley, and
J. W. Gri ee (1998), Solar Wind Electron Proton Alpha Monitor (SWEPAM) for
the Advanced Composition Explorer Space Sci. Rey.86, 563{612, doi:10.1023/A:
1005040232597.

Mewaldt, R. A., C. M. S. Cohen, and G. M. Mason (2006), The Sourcilaterial
for Large Solar Energetic Particle EventsWashington DC American Geophysical
Union Geophysical Monograph Seried65 115{126.

166



Mewaldt, R. A., et al. (2001), Long-term uences of energetic p#écles in the helio-
sphere, inJoint SOHO/ACE workshop "Solar and Galactic Composition Amer-
ican Institute of Physics Conference Serigsvol. 598, edited by R. F. Wimmer-
Schweingruber, pp. 165{170, doi:10.1063/1.1433995.

Mulligan, T., and C. T. Russell (2001), Multispacecraft modeling of tB ux
rope structure of interplanetary coronal mass ejections: Cylimgtally symmet-
ric versus nonsymmetric topologies,). Geophys. Res. 106 10,581{10,596, doi:
10.1029/2000JA900170.

Munro, R. H., J. T. Gosling, E. Hildner, R. M. MacQueen, A. |. Poland,and C. L.
Ross (1979), The association of coronal mass ejection transgmtith other forms
of solar activity, Sol. Phys, 61, 201{215, doi:10.1007/BF00155456.

Neugebauer, M., and C. W. Snyder (1962), Solar Plasma Experimeigcience 138
1095{1097, doi:10.1126/science.138.3545.1095-a.

Neugebauer, M., P. C. Liewer, E. J. Smith, R. M. Skoug, and T. H. Zbuchen
(2002), Sources of the solar wind at solar activity maximungournal of Geophysical
Research (Space Physics107, 1488, doi:10.1029/2001JA000306.

Neukomm, R. O., and P. Bochsler (1996), Diagnostics of Closed Maggic Structures
in the Solar Corona Using Charge States of Helium and of Minor lon8pJ, 465,
462, doi:10.1086/177433.

Ogilvie, K. W., et al. (1995), SWE, A Comprehensive Plasma Instrumérfor the
Wind Spacecraft,Space Sci. Rev.71, 55{77, doi:10.1007/BF00751326.

Ontiveros, V., and A. Vourlidas (2009), Quantitative Measuremers of Coronal
Mass Ejection-Driven Shocks from LASCO Observation#pJ, 693 267{275, doi:
10.1088/0004-637X/693/1/267.

Owens, M. J., N. U. Crooker, N. A. Schwadron, T. S. Horbury, S. &hiro, H. Xie,
O. C. St. Cyr, and N. Gopalswamy (2008), Conservation of openlaomagnetic ux
and the oor in the heliospheric magnetic eld, Geophys. Res. Lett. 35, L20108,
doi:10.1029/2008GL035813.

Palmer, D. M., et al. (1995), First Results from the TGRS High-Resotion GRB
Spectrometer,Ap&SS, 231, 161{164, doi:10.1007/BF00658608.

Parker, E. N. (1958), Dynamics of the Interplanetary Gas and Mgnetic Fields.,ApJ,
128 664, doi:10.1086/146579.

Parker, E. N. (1965), Dynamical Theory of the Solar WindSpace Sci. Rey.4, 666{
708, doi:10.1007/BF00216273.

Patsourakos, S., A. Vourlidas, and G. Stenborg (2010), The Gesige of an Impulsive
Coronal Mass Ejection Observed at Ultra-high Cadence by AIA on[30, ApJ, 724,
L188{L193, doi:10.1088/2041-8205/724/2/L.188.

167



Posner, A., N. A. Schwadron, T. H. Zurbuchen, J. U. Kozyra, M. W Liemohn,
and G. Gloeckler (2002), Association of Low-Charge-State Heaupgns up to
200 R, upstream of the Earth's bow shock with geomagnetic disturbance&eo-
phys. Res. Lett, 29, 1099, doi:10.1029/2001GL013449.

Posner, A., M. W. Liemohn, and T. H. Zurbuchen (2003), Upstrearmagnetospheric
ion ux tube within a magnetic cloud: Wind/STICS, Geophys. Res. Let{.30, 1346,
doi:10.1029/2002GL016116.

Press, W. H., S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery 2002),Numerical
recipes in C++ : the art of scienti c computing, Cambridge University Press.

Rakowski, C. E., J. M. Laming, and S. T. Lepri (2007), lon Charget8tes in Halo
Coronal Mass Ejections: What Can We Learn about the ExplosionApJ, 667,
602{609, doi:10.1086/520914.

Reames, D. V. (2013), The Two Sources of Solar Energetic Partgl&pace Sci. Rey.
doi:10.1007/s11214-013-9958-9.

Reinard, A. (2005), Comparison of Interplanetary CME Charge @&te Composition
with CME-associated Flare Magnitude ApJ, 620, 501{505, doi:10.1086/426109.

Reinard, A., T. Mulligan, and B. Lynch (2010), Quadrature comparisns of remote
and in-situ CME ejecta, in 38th COSPAR Scienti c Assembly COSPAR Meeting
vol. 38, p. 1874.

Reinard, A. A., B. J. Lynch, and T. Mulligan (2012), Composition Stricture of
Interplanetary Coronal Mass Ejections From Multispacecraft Obervations, Mod-
eling, and Comparison with Numerical SimulationsApJ, 761, 175, doi:10.1088/
0004-637X/761/2/175.

Reitz, G., R. Beaujean, C. Heilmann, J. Kopp, M. Leicher, and K. Sauch (1998),
Results of dosimetric measurements in space missioAdyances in Space Research
22, 495{500, do0i:10.1016/S0273-1177(98)01069-2.

Richardson, I. G., and H. V. Cane (1995), Regions of abnormally lowgion tem-
perature in the solar wind (1965-1991) and their association withegjta, J. Geo-
phys. Res, 100 23,397{23,412, d0i:10.1029/95JA02684.

Richardson, I. G., and H. V. Cane (2004), Identi cation of interplanetary coronal
mass ejections at 1 AU using multiple solar wind plasma composition anahes,
J. Geophys. Res.109, A09104, doi:10.1029/2004JA010598.

Richardson, I. G., and H. V. Cane (2010), Near-Earth Interplartary Coronal Mass
Ejections During Solar Cycle 23 (1996 - 2009): Catalog and SummanfyProperties,
Sol. Phys, 264, 189{237, d0i:10.1007/s11207-010-9568-6.

168



Richardson, I. G., D. Berdichevsky, M. D. Desch, and C. J. Farrug (2000), Solar-
cycle variation of low density solar wind during more than three solarycles, Geo-
phys. Res. Lett, 27, 3761{3764, doi:10.1029/2000GL000077.

Riley, P., C. Schatzman, H. V. Cane, I. G. Richardson, and N. Gopailamy (2006),
On the Rates of Coronal Mass Ejections: Remote Solar and In Situb8ervations,
ApJ, 647, 648{653, doi:10.1086/505383.

Riley, P., R. Lionello, Z. Mikc, and J. Linker (2008), Using Global Simuations to
Relate the Three-Part Structure of Coronal Mass Ejections tonl Situ Signatures,
ApJ, 672 1221{1227, doi:10.1086/523893.

Rodgers, J. L., and W. A. Nicewander (1988), Thirteen ways to loakt the correlation
coe cient, The American Statistician, 42(1), pp. 59{66.

Rodriguez, L., J. Woch, N. Krupp, M. FaNz, R. von Steiger, R. J.Forsyth, D. B.
Reisenfeld, and K.-H. Gla Meier (2004), A statistical study of oxygn freezing-in
temperature and energetic particles inside magnetic clouds obsauvby Ulysses,
J. Geophys. Res.109 A01108, doi:10.1029/2003JA010156.

Rouillard, A. P. (2011), Relating white light and in situ observations otoronal mass
ejections: A review, Journal of Atmospheric and Solar-Terrestrial Physics 73,
1201{1213, doi:10.1016/j.jastp.2010.08.015.

Russell, C. T., and A. A. Shinde (2003), ICME Identi cation from Sola Wind lon
Measurements,Sol. Phys, 216, 285{294, doi:10.1023/A:1026108101883.

Ruzmaikin, A., J. Feynman, and E. J. Smith (1997), Turbulence in ca@nal mass
ejections,J. Geophys. Res.102 19,753{19,760, doi:10.1029/97JA01558.

Schmahl, E., and E. Hildner (1977), Coronal mass-ejections-kinatits of the 19
December 1973 eventSol. Phys, 55, 473{490, doi:10.1007/BF00152588.

Schwenn, R., H. Rosenbauer, and K.-H. Muehlhaeuser (1980), Syampnized helium
in the driver gas of an interplanetary shock wave(eophys. Res. Lett.7, 201{204,
doi:10.1029/GL007i003p00201.

Sime, D. G., and A. J. Hundhausen (1987), The coronal mass eject of July 6, 1980
- A candidate for interpretation as a coronal shock wave]. Geophys. Res. 92,
1049{1055, doi:10.1029/JA092iA02p01049.

Singh, A. K., D. Siingh, and R. P. Singh (2010), Space Weather: Phgs, E ects and
Predictability, Surveys in Geophysics31, 581{638, d0i:10.1007/s10712-010-9103-1.

Skoug, R. M., et al. (1999), A prolonged He enhancement within a coronal
mass ejection in the solar wind,Geophys. Res. Lett. 26, 161{164, do0i:10.1029/
1998GL900207.

169



Smith, C. W., J. L'Heureux, N. F. Ness, M. H. Acuna, L. F. Burlagaand J. Scheifele
(1998), The ACE Magnetic Fields Experiment,Space Sci. Rey.86, 613{632, doi:
10.1023/A:1005092216668.

Smith, Z., W. Murtagh, and C. Smithtro (2004), Relationship betwer solar wind
low-energy energetic ion enhancements and large geomagnetiemst) Journal of
Geophysical Research (Space Physic409, A01110, doi:10.1029/2003JA010044.

St. Cyr, O. C., et al. (2000), Properties of coronal mass ejectisn SOHO LASCO
observations from January 1996 to June 1998, Geophys. Res.105, 18,169{18,186,
doi:10.1029/1999JA000381.

Stone, E. C., A. M. Frandsen, R. A. Mewaldt, E. R. Christian, D. Magolies, J. F.
Ormes, and F. Snow (1998), The Advanced Composition Explore8pace Sci. Rey.
86, 1{22, doi:10.1023/A:1005082526237.

Tandberg-Hanssen, E. (Ed.) (1995)The nature of solar prominencesAstrophysics
and Space Science Librarywol. 199.

Telloni, D., R. D'Amicis, and E. Antonucci (2010), SOHO/UVCS Detecton of Tur-
bulence in a Coronal Mass EjectionTwelfth International Solar Wind Conference
1216 432{435, doi:10.1063/1.3395896.

Temmer, M., A. M. Veronig, E. P. Kontar, S. Krucker, and B. Visnak (2010), Com-
bined STEREO/RHESSI Study of Coronal Mass Ejection Acceleratinand Particle
Acceleration in Solar FlaresApJ, 712 1410{1420, doi:10.1088/0004-637X/712/2/
1410.

Tsurutani, B. T., E. J. Smith, W. D. Gonzalez, F. Tang, and S. |. Akaofu (1988),
Origin of interplanetary southward magnetic elds responsible for mjor magnetic
storms near solar maximum (1978-1979)]. Geophys. Res. 93, 8519{8531, doi:
10.1029/JA093iA08p08519.

Tylka, A. J., C. M. S. Cohen, W. F. Dietrich, M. A. Lee, C. G. Maclenna, R. A.
Mewaldt, C. K. Ng, and D. V. Reames (2005), Shock Geometry, SE€opula-
tions, and the Origin of Variable Elemental Composition at High Energein Large
Gradual Solar Particle Events,ApJ, 625 474{495, doi:10.1086/429384.

van der Holst, B., W. B. Manchester, IV, R. A. Frazin, A. M. Vasquez, G. Toth, and
T. I. Gombosi (2010), A Data-driven, Two-temperature Solar Wid Model with
Alf\en Waves, ApJ, 725, 1373, doi:10.1088/0004-637X/725/1/1373.

Veenadhari, B., R. Selvakumaran, R. Singh, A. K. Maurya, N. Gopalgamy, S. Ku-
mar, and T. Kikuchi (2012), Coronal mass ejection-driven shoskand the associated
sudden commencements/sudden impulse®urnal of Geophysical Research (Space
Physics) 117, A04210, doi:10.1029/2011JA017216.

170



von Rosenvinge, T. T., et al. (1995), The Energetic Particles: Ackeation,
Composition, and Transport (EPACT) investigation on the WIND spacecratft,
Space Sci. Rev.71, 155{206, doi:10.1007/BF00751329.

von Steiger, R. (2008), The solar wind throughout the solar cyclé The Heliosphere
through the Solar Activity Cycle edited by A. Balogh, L. J. Lanzerotti, and S. T.
Suess, p. 41, Praxis Publishing, doi:10.1007/978-3-540-74302-6

von Steiger, R., N. A. Schwadron, L. A. Fisk, J. Geiss, G. GloecklelS. Hetfti,
B. Wilken, R. F. Wimmer-Schweingruber, and T. H. Zurbuchen (2000 Composi-
tion of quasi-stationary solar wind ows from Ulysses/Solar Wind lorComposition
Spectrometer,J. Geophys. Res.105, 27,217{27,238, doi:10.1029/1999JA000358.

von Steiger, R., T. H. Zurbuchen, and D. J. McComas (2010), Oxgg ux in the
solar wind: Ulysses observationsiGeophys. Res. Lett. 37, L22101, doi:10.1029/
2010GL045389.

Vourlidas, A., S. T. Wu, A. H. Wang, P. Subramanian, and R. A. Howad (2003),
Direct Detection of a Coronal Mass Ejection-Associated Shock iratge Angle and
Spectrometric Coronagraph Experiment White-Light ImagesipJ, 598 1392{1402,
doi:10.1086/379098.

Vourlidas, A., R. A. Howard, E. Esfandiari, S. Patsourakos, S. Ya#o, and
G. Michalek (2010), Comprehensive Analysis of Coronal Mass Ejext Mass and
Energy Properties Over a Full Solar CycleApJd, 722, 1522, doi:10.1088/0004-637X/
722/2/1522.

Visnak, B., D. Sudar, and D. Rudjak (2005), The CME- are relationship: Are there
really two types of CMEs?,A&A , 435 1149{1157, doi:10.1051/0004-6361:20042166.

Webb, D. F., and T. A. Howard (2012), Coronal Mass Ejections: Giervations,Living
Reviews in Solar Physics9, 3.

Webb, D. F., and A. J. Hundhausen (1987), Activity associated witlthe solar origin
of coronal mass ejectionsSol. Phys, 108 383{401, doi:10.1007/BF00214170.

Wenzel, K. P., R. G. Marsden, D. E. Page, and E. J. Smith (1992), ThULYSSES
Mission, A&AS, 92, 207.

Wiik, J. E., B. Schmieder, T. Kucera, A. Poland, P. Brekke, and G. Simett
(1997), Eruptive prominence and associated CME observed with SIER, CDS
and LASCO (SOHO), Sol. Phys, 175 411{436, do0i:10.1023/A:1004925024794.

Wilhelm, K., E. Marsch, B. N. Dwivedi, D. M. Hassler, P. Lemaire, A. H. Gbriel,
and M. C. E. Huber (1998), The Solar Corona above Polar Coronaldtes as Seen
by SUMER on SOHO,ApJ, 500, 1023, doi:10.1086/305756.

Wilhelm, K., et al. (1995), SUMER - Solar Ultraviolet Measurements of mitted
Radiation, Sol. Phys, 162 189{231, doi:10.1007/BF00733430.

171



Zurbuchen, T. H., and I. G. Richardson (2006), In-Situ Solar Wind r@ad Magnetic
Field Signatures of Interplanetary Coronal Mass EjectionsSpace Sci. Rey.123
31{43, doi:10.1007/s11214-006-9010-4.

Zurbuchen, T. H., L. A. Fisk, S. T. Lepri, and R. von Steiger (2003)The Composition
of Interplanetary Coronal Mass Ejections, inSolar Wind Ten, American Institute
of Physics Conference Serigesrol. 679, edited by M. Velli, R. Bruno, F. Malara,
and B. Bucci, pp. 604{607, doi:10.1063/1.1618667.

Zurbuchen, T. H., R. von Steiger, J. Gruesbeck, E. Landi, S. T. Ipgi, L. Zhao, and
V. Hansteen (2012), Sources of Solar Wind at Solar Minimum: Conatnts from
Composition Data, Space Sci. Rey.172 41{55, doi:10.1007/s11214-012-9881-5.

Zwickl, R. D., J. R. Asbridge, S. J. Bame, W. C. Feldman, and J. T. Gdisig (1982),
He/+/ and other unusual ions in the solar wind - A systematic searchcovering
1972-1980,). Geophys. Res.87, 7379{7388, d0i:10.1029/JA087iA09p07379.

172



