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Dramatis Personae

e The Sun Center of the Solar System.

e Halley First periodic comet discovered. The comet returns every 75-80
years and ancient observations of comet Halley are known back to 240
B.C. In 1986, six different spacecraft flew though its coma and most of
the current knowledge on comets comes from these missions. In this
report, Halley is therefore used as the standard comet.

e Hale-Bopp Comet C/1995 O1 (Hale-Bopp) is one of the brightest
comets of the last two centuries. It is a long period comet from the
Oort cloud and its next appearance will be in about 2380 years. The
comet reached its closest point to the Sun (perihelion) on April 1, 1997.

e Hyakutake Comet C/1996 B2 (Hyakutake) is often referred to as "The
Comet of the 20th Century’. Although it was not as big as comet Hale-
Bopp, it came much closer to Earth: at March 25, it was only 0.1 A.U.
from Earth, or approximately fifty times the distance between the Earth
and the Moon.

e McNaught-Hartley(C/1999 T1) is an Oort-cloud comet with a or-
bital period of approximately 580,000 years. The comet reached its
perihelion in December, 2000.

e Encke. At the end of this year, comet 2P/Encke will make its 59th
predicted return. Its orbit is quite stable, and with a period of 3.3 years
apparitions repeat on a 10-year cycle.

e C/Linear S4 was a modestly bright comet that was disintegrated in
the summer of 2000.

e Alpha particles, highly charged ions, photons and various
molecules and atoms
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Chapter 1

Introduction

In 1996, bright X-Ray emission was discovered from comet Hyakutake [1].
This was unexpected: comets were known to be cold objects while X-Ray
emission requires high energy processes. In the following years, it became
clear that X-Ray emission is a common property of comets and it was first
suggested by Cravens [2] that this emission was due to interaction between
comets and the solar wind, or to be more precise, charge exchange between
cometary neutral molecules and highly charged ions from the solar wind.
Since these early observations, the field of X-Ray astronomy went to nothing
less than a revolution culminating in the 2002 Nobelprize for X-Ray pioneer
Giaconni. It was his work that led to the launch of the Chandra and XMM
X-Ray telescopes (1999) and several new X-Ray observatories have already
been planned for the next years.

With this new generation of high-energy observatories, the observational sen-
sitivity and resolution increased enormously. In the case of comets, this lead
to the observation of line spectra allowing for the identification of various
solar wind species [3, 4]. Even more, several other solar system objects were
discovered to radiate in X-Ray, such as Mars, Venus and the Jovian system
[5, 6, 7]. Not all of these objects radiate because of charge exchange, but it
is clear that charge exchange by solar wind ions is one of the most important
sources of X-Ray radiation in the solar system.

The interaction between comets and the solar wind is a very complex prob-
lem. Not only charge exchange processes are involved, but also magneto-
hydrodynamics and a number of physical and/or chemical effects play a crit-
ical role into the cometary environment. A small insight in the complexity of
this system was given by the different space probes that crossed with comet
Halley in 1986.

In this thesis, experimental data from various charge exchange reactions is
used to probe the interaction between comets and the solar wind. It is shown
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that cometary X-Ray and Far UV spectra contain a wealth of information
on both the solar wind and the cometary environment it reacts with.

Once the cometary emission mechanism is understood well, it will be possible
to use comets to probe the solar wind over a large range of distances that is
not easily covered by man-made space probes and to extend our knowledge
of space weather.

1.1 Outline

The outline of this work is the following:

Chapter 2 contains a general introduction to comets, solar wind and
their interaction;

In Chapter 3 a general introduction is given to the process of charge
exchange. The experimental technique that is used at the KVI to
measure velocity dependent state selective cross sections is presented,
together with results obtained with this set up;

In Chapter 4 a model is presented that describes how the solar wind
helium ions are neutralized by charge exchange with cometary neutrals.
This model is compared with different observations.

In Chapter 5, the heavy ion content of the solar wind is considered.
A model is presented for the X-Ray spectra emission following capture
into the excited states of the various ions and the results of this model
are compared with recent observations.

In Chapter 6, the conclusions of this work are summarized and com-
bined with suggestions for future experiments and observations.



Chapter 2

Comets and the Solar Wind

A comet is essentially a cold, dusty ice ball that moves through the solar sys-
tem in a parabolic or elliptical orbit (Figure 2.1). When a comet approaches
the Sun at a distance of approximately 5 A.U.!(Jupiter’s orbit), it will slowly
change from a cold dusty snowball into the fiery objects we know. Heated
by the Sun, the layers just beneath the surface of the cometary nucleus will
start to sublimate and a cloud of mainly gas and dust will start to form.
This cloud is called the coma.

When the comet is close enough to the Sun, the characteristic tails will form.
Typically there are two tails; one consists of dust, the other of ions (Figure
2.2). When dust is released from the nuclear surface, it will be dragged
along with the expanding gas. Once the particles reach the tail region, their
behaviour is determined by solar gravity and radiation pressure. The dust
tail is therefore a strongly curved tail in the direction opposite to the orbital
motion of the comet. The second tail is the ionic tail. Its properties have long
been a problem for physics because radiation pressure failed to explain the
observed acceleration of ionized molecules in cometary tails. The research of
processes that drive the ionic tail led to the discovery of the solar wind in
the 1950s. Because of its dynamics, the ionic tail always points away from
the sun.

2.1 Comets and the Sun

The structure of a comet is determined by the interaction of the cometary gas
with light and particles from the Sun. This work focusses on their interaction
with the coma. Within the coma, a distinction can be made between dif-

! Astronomical Units; 1 A.U. corresponds to the average distance between the Earth
and the Sun; 149.6-10% km
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Figure 2.1: Comet Borrelly’s Figure 2.2: Tails of comet Hale-
nucleus, as seen with the probe Bopp: the ionic tail glows blue
Deep Space 1 in 2001. The nu- due to fluoresence of CO™ and
cleus has a size of circa 8 km. OH™, the dust tail appears white

due to reflection of sunlight.

ferent regions, each of which is dominated by different processes. Although
individual comets show great differences, their global structure is more or
less the same. This structure is summarized in Figure 2.4. The structure
of comets can be considered to scale with the amount of gas that streams
out of the nucleus, the gas production rate (). Because gas is produced by
heating of the cometary surface by sunlight, () will be strongly dependent on
the distance between the comet and the Sun. At a heliocentric distance of
1 A.U., typical gas production values are in the order of 1000-10000 kg s~!
or . As the gas production is related to the amount of Sun light received,
the sunward side of the comet will produce more gas than the backside. The
nucleus will therefore start to rotate with a period of approximately a day.
The chemical composition of the coma differs greatly from the composition
of the nucleus and both the density and the composition depend strongly on
the distance to the sun. The temperature at the surface will rapidly increase
when the comet approaches the Sun. Species with relatively low sublimation
temperature such as CO, CO, and volatile hydrocarbons will dominate the
coma when the comet is still far away from the Sun [8]. At a distance of
typically 3 A.U. the temperature rises enough to start the sublimation of
water ice, which leads to a strong increase of the brightness of the comet.
The mass of the comet is much too small to bind the out flowing gas gravita-
tionally; the size of the coma is therefore only limited by the outflow velocity
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of the gas and the rate at which it is destroyed by solar light and particles.
To illustrate this, we will consider a comet at a distance of 1 A.U. of the Sun.
The gas streaming out of the nucleus will be water with 5% — 20% CO and
5% CO»; a fraction up to some 5% may consist of molecules such as CHy,
Ny, NHj [9]. Molecules that are produced directly by evaporation from the
nucleus are called parent molecules, in contrast to daughter molecules which
are formed from the parent molecules by all sorts of physical and /or chemical
reactions.

The density in the coma can be approximated by a 1/7? decrement, combined
with an exponential term that describes additional decrement of the number
density due to photo dissociation processes:

Pcomet = #ﬂjﬁ)gw - eXp [_Rcomet/h] (21)
Here @ is the gas production rate (molecules s™1), Reome: is the extent of the
coma (km), v, is the velocity (km/s) of the escaping gas and h is the scale
length of the destruction of the molecules in kilometers (the scale length is
defined as the distance at which the original population is reduced by a factor
1/e).

Table 2.1 summarizes the scale lengths of the most important cometary
species when exposed to sunlight at 1 A.U. The scale lengths are calculated
using photo dissociation and photo ionization rates given by Huebner et al.
[10] and by assuming that all molecules have an outflow velocity of 1 km/s.
Water, carbon monoxide and carbon dioxide are parent molecules, while OH,
O and H are mainly produced by dissociation of water molecules. From the
table it is readily seen that water and hydroxyl molecules are easier dissoci-
ated than ionized. For carbon monoxide on the other hand, the dissociation
scale and ionization scale are approximately the same. The CO molecules

Species | Dissociation Scale (10* km) | Ionization Scale (10* km)
H,0O 8.58 302
OH >5.0 408
CO 317 263
COq 108 153
H - 662
C - 9.62
O - 198

Table 2.1: Photo ionization and dissociation scale length of different molecules at
a heliocentric distance of 1 A.U. from Huebner et al. [10]
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will thus have longer lifetimes and travel further than the water and hydroxyl
molecules when exposed to sunlight [10, 11, 12, 13]. This effect is shown in
more detail in Figure (2.3), which is taken from Ip et al. [13]. In this figure,
the composition of a the coma of a Halley-like comet that interacts with both
sunlight and solar wind has been modelled. 2

The water population can be seen to decrease very rapidly due to the short
scale length of water molecules. In the outer regions of the coma, all the
water is consumed by a variety of destructive processes and the gas consists
mainly of O, H, CO and a minor fraction of CO, and C.

2.2 Structure of the Coma

The coma is divided in several regions which differ greatly in their physical
characteristics. These regions are formed by the interaction of comets with
the Sun, either with light or with the solar wind. The solar wind (which will
be treated in more detail in Section 2.3) is essentially a highly supersonic,
collisionless plasma that carries a magnetic field within. When solar wind
ions hit the outskirts of the cometary coma, the solar wind ions will pick up
cometary ions with its magnetic field. Conservation of momentum requires
that the addition of mass in the form of heavy cometary molecules leads to
a deceleration of the solar wind velocity. From the geometry of the pick up
process, it follows that near the comet-solar wind axis the pick up process
occurs the most. The wind is therefore more strongly decelerated around
this axis than at larger distances of this axis and the net effect is that the
magnetic field lines, rigidly carried within the solar wind plasma are folded
around the comet [16].

The deceleration by the pick up process causes the solar wind flow to make
a transition from supersonic to subsonic, creating the outer bow shock. This
typically occurs at about a million kilometers from the comet’s nucleus. The
bow shock is a very weak collisionless shock. The sudden deceleration com-
presses the solar wind while increasing the particle density and the electron
temperature. Magnetohydrodynamic models therefore predict that in the
shock region, the ionization of the cometary neutrals is dominated by elec-
tron impact and proton-molecule charge exchange [17].

The solar wind ions continue their way through the bow shock and the outer
coma while its bulk velocity decreases further by the ongoing pick up process.
A transition occurs between the collisionless, mass loaded solar wind plasma
flow and a region dominated by collisions between the solar wind flow and

2Note that in this model, a rather high abundance of CO (15%) and CO2 (15%) which
was not confirmed by observations.
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Figure 2.3: Abundance profile in the outer regions of the coma for a Halley-type
comet with a gas production rate of Q@ = 10%° s~! at a heliocentric distance of 1
A.U., taken from Ip et al. [14].
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X-ray photon

Nucleus -\l .,"as'~a_hddust

Cometopause R
~ surface -

Magnetic barrier

stagnation region
Bow shock

Figure 2.4: Schematic figure of the interaction between cometary gas and the
solar wind (not to scale). To indicate the typical extent of a comet, distances
from the cometary nucleus are drawn in in kilometers. The layer in between the

cometopause and the nucleus is the contact surface. Picture adapted from Cravens
[15].



2.2. STRUCTURE OF THE COMA 9

nucleus

Figure 2.5: Chandra image of comet Linear S4 at 0.2-0.8 keV. The crescent shape
is symmetric around the comet-Sun axis. Image adapted from Lisse et al[3].

the out flowing cometary gas. This jump was measured in comet Halley at
a distance of some 10° kilometers from the nucleus, both in the form of a
change in chemical composition from mainly solar wind protons to mainly
ionized cometary molecules (using VEGA, [18]) and in the form of an abrupt
increase in the ratio He™/He?* (using Giotto, [19]). This jump region is
often referred to as the cometopause. lonization here is dominated by charge
exchange by protons and heavy ions [20].

Once the cometopause-barrier is crossed, ions are in the pile up region. In
this region, the cometary density increases rapidly due to cometary molecules
which are mostly ionized by electron impact and photo-ionization. In this
region, the X-Ray and Far UV emission is formed. Observations show a clear
hemispherical shape, Figure 2.5. When all the solar wind ions are neutralized,
no more charge exchange reactions will take place and no more photons are
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Figure 2.6: The corona, source of the so- Figure 2.7: X-Ray observa-

lar wind, has traditionally been observed tions of the Sun by the Japanese

during solar eclipse, when it is revealed Yohkoh-spacecraft. Coronal

by the Moon. holes can clearly be seen as large,
dark spots.

emitted. Because the cometary density drops with the distance from the
nucleus as 1/r?, this depletion occurs first along the comet-Sun axis.

Finally, 1000 km away from the nucleus, the ions will find a barrier that
they cannot cross. The pressure balance of the outwardly streaming gas and
the flow of the solar wind and magnetic field give rise to the contact surface
or magnetic cavity. The contact surface separates purely cometary plasmas
from the solar wind plasma. Gas properties within the contact surface are
collision dominated due to high densities [21]. The resulting thermal energy
is too low to allow collisional ionization to be an important ionization factor
so photo-ionization is by far the most important ionization process in the
magnetic cavity.

The ions produced in the coma will be picked up by the solar wind plasma
that streams around the contact surface. By the pick up process, the ions will
be accelerated away from the Sun and therefore the ionic tail always points
in the anti-solar direction. The tail easily exceeds 107 kilometers, has a width
of some 10° kilometers and is highly structured with knots and clouds. It
was the study of these structures that lead to the modern ideas concerning
the solar wind.
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2.3 Solar Wind

In the previous section it was mentioned that comets not only interact with
sunlight, but also with a plasma streaming out of the Sun: the solar wind.
The solar wind originates from coronal holes, large cells of unipolar magnetic
fields on the Sun’s surface. Coronal holes can be seen as large, dark spots
when observing the Sun in the X-Ray spectral range (Figure 2.7). Their
open field lines allow a continuous outflow of solar wind, accelerating solar
wind particles away from the Sun. Especially near the Sun, the precise
form of the plasma flow is extremely complicated because the magnetic field
within the plasma is twisted into an Archimedean spiral. At a distance of
a few solar radii, the solar wind can be considered to expand radially. Its
density therefore approximately scales with 1/r%. At the distance of the
Earth, typical densities are 5-10 protons cm 3.

Solar wind properties are highly variable on a short time scale. The wind
consists of an equal amount of protons and electrons, some 5% helium and a
small fraction of heavy ions (oxygen, carbon, nitrogen, etc). Due to the high
temperatures in the corona -over 10° K- all ions in the solar wind are highly
ionized. Because the solar wind carries a magnetic field within and because
of its low densities, the ions in the solar wind do not collide with each other
and both the velocity and charge state composition remain nearly the same
when the solar wind flows out into the solar system [16]. The solar wind
velocities of heavy ions and protons are equal, which implies that heavy ions
have more kinetic energy [22].

A rough distinction can be made, separating two types of solar wind: the fast
solar wind with velocities around 1000 km/s from large, deep polar coronal
holes and the slow solar wind with velocities up to 400 km/s, originating from
smaller coronal holes which are within 20 degrees of the equator [23, 24]. The
properties of these winds are summarized in Table 2.2. Each high- or low
speed stream generally lasts for several days to two weeks, but many smaller
scale fluctuations are affecting the precise properties of the solar wind. Space-
born observations indicate that these two types of wind show clear differences
in their elemental and charge state distribution [25, 26, 27, 28|. This effect
is only partly understood but is often expressed in terms of freeze-in tem-
peratures: because ionization rate constants are very electron-temperature

Slow Wind Fast Wind
Density (protons/cm?) 5-8 8-12
Velocity (km/s) 200-400  500-1100

Table 2.2: Properties of the solar wind at 1 A.U.
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Element | Fast Slow || Element | Fast | Slow || Element | Fast | Slow
Ht 1550 | 1780 | Mg % | 0.029 | 0.098 || S 1o* 0.008 | 0.005
He?* 68 =3 | 78 £4 | Mg+ 0.044 | 0.052 || S °* 0.027 | 0.016
C o+ 0.085 | 0.318 | Mg?8* 0.028 | 0.041 || S &* 0.023 | 0.019
C 5t 0.440 | 0.210 | Mg ™ 0.007 | 0.017 | S ™ 0.005 | 0.006
N ™ 0.000 | 0.006 | Mg ¢* 0.003 | 0.009 || S ¢+ 0.001 | 0.002
N 6+ 0.011 | 0.058 | Mg?>* 0.000 | 0.000 || S 3t 0.000 | 0.000
N 5+ 0.127 | 0.065 | Mg ** 0.000 | 0.000 || Fe 13+ 0.005 | 0.002
O 8+ 0.000 | 0.070 | Mg?3* 0.000 | 0.000 || Fe 2+ 0.017 | 0.007
o™ 0.030 | 0.200 | Si'0F 0024 | 0.021 | Fe '+ | 0.025 | 0.023
O &+ 0.970 | 0.730 || Si®F 0.045 | 0.049 || Fe 10+ 0.025 | 0.031
Ot 0.000 | 0.000 | Si?®*F 0.022 | 0.057 || Fe °F 0.015 | 0.041
Ne &+ 0.102 | 0.084 || Si’™* 0.002 | 0.000 || Fe 8t 0.005 | 0.034
Ne 7+ 0.005 | 0.004 || Si®* 0.000 | 0.000 || Fe ™ 0.001 | 0.007
Ne 6+ 0.000 | 0.000 || Si°®°t 0.000 | 0.000

Table 2.3: Heavy element abundances scaled to the normalized total oxygen abun-
dance ¥,07". Composition observations from Ulysses spacecraft by [25]

dependent, freeze-in temperatures determined from the ratio between the
abundances of two ion species give information on the electron temperature
at the place of origin of the ions. Typical abundance-charge state distribu-
tion (as shown in Table 2.3) correspond to freeze-in temperatures of about
1.0 to 1.5 million degrees [23].

2.4 Cometary X-Ray radiation

In 1996, comet Hyakutake was observed in X-Ray. This was a big surprise
for comets were always considered to be cold, dusty snowballs from which
one would not expect X-ray emission, which is typically associated with high
energy processes. The observations, done with the Rontgen X-Ray Satellite
(ROSAT) show a crescent shaped emission region centered at some 18000
kilometers in front of the nucleus. The emission was symmetric with respect
to the comet-Sun axis and its intensity was variable on a time scale of only
one or two hours [1]. A more recent X-Ray image of comet Linear S4 is
shown in Figure 2.5. Since the first observation of Hyakutake, almost 20
comets have been observed in X-Ray or FUV.

A number of theories has been developed to explain the observed cometary
X-Ray emission [29, 15]. Any suggestion however, should account for its pri-
mary features: morphology, temporal variability and spectrum, which limited
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the range of possible explanations.

In the Far-Ultraviolet regime, several emission lines were identified using
spectra of the (late) EUVE satellite. Detailed FUV spectra were acquired
for comet Hale-Bopp and Hyakutake [30, 31].

It has only recently become possible to achieve an observational resolution in
X-Ray that allows for the distinction between continuum- and line-emission
spectra. Using the Chandra X-Ray Observatory, the presence of several lines
in the spectrum of Linear S4 and McNaught-Hartley has been shown [3, 4]. Tt
is to be expected that future comet observations using the X-ray Multi-Mirror
Mission (XMM-Newton) will also provide high resolution X-Ray spectra 3

The presence of multiple emission lines in the X-Ray and FUV spectra proves
that charge exchange is the process that accounts for the observed spectra.
The solar wind contains a minor fraction of highly ionized atoms. When
these ions collide with the neutral cometary molecules, ’charge’ in the form
of an electron will be transferred from the molecules to the ions. The electron
will typically be captured in an excited state and its relaxation results in the
emission of one or several X-Ray photons. The charge exchange process will
be discussed in more detail in the next chapters.

In order to understand the observed X-Ray spectra better, several mod-
els have been made that simulate the charge exchange emission of comets.
These models are either macroscopic or microscopic. Macroscopic models
[32, 33, 25] consider the comet as a detailed, physical entity and use simpli-
fied atomic physics. Their goal is to model the global morphological charac-
teristics of the solar wind-coma interaction and derive the structure of the
region as parameters of the flux and the physical properties of the coma. The
interaction between a comet and the solar wind is simulated using magneto-
hydrodynamic plasma models (MHD). The resulting models confirm the ob-
servations of a shell-shaped morphology in front of the nucleus, perpendicular
to the comet-sun axis.

Microscopic models [34, 35] on the other hand use detailed atomic processes
but simplify the environment in which these processes occur. Their goal is to
understand in detail the microscopic processes characterizing the interaction
between solar wind atoms and coma species. X-Ray spectra are simulated
by simulating the relaxation cascade through the atomic transition schemes.
The result is a more reliable spectral prediction but comparison with obser-
vations have thus far been hard due to low observational resolutions.

3Comet Linear WM1 and C/2002 C1 Ikeya-Zhang have already been observed in X-Ray,
but these results are not yet available
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2.5 Probing the Interaction

Understanding the interaction between comets and the solar wind could pro-
vide us with a new tool to study space weather. Comets could be used to
probe the solar wind up to a distance of 3 A.U. from the Sun [36], allowing
for direct determination of solar wind properties such as its composition and
flow structure.

Several attempts have been made to use the cometary X-Ray emission as a
diagnostic tool. The general procedure in this is to use an existing interaction
model and to fit the solar wind parameters in this model to the observed
emission.

Regarding the interaction between comets and the solar wind, the most im-
portant feature of the solar wind is the interrelationship of composition and
charge state distribution on the (initial) wind velocity (Section 2.3, [35, 25]).
This dependency results in large differences between the expected emission
spectra of the slow and fast solar wind, especially at photon energies above
450 eV. Amongst the brightest lines are some spin-forbidden transitions of
oxygen and carbon; these forbidden lines might provide a unique diagnos-
tic probe. This method has been applied on the comets Hale-Bopp, Levy
and Encke, but its predictive qualities are limited by the resolution of avail-
able spectra. The spectrum of comet McNaught-Hartley has been used by
Kharchenko et al to predict the relative abundance of highly ionized oxygen
in the solar wind [37].

Although the existing microscopic models use detailed experimental atomic
data, the velocity dependency of charge exchange processes is not taken into
account. Laboratory measurements show that slower solar wind ions result
in a 'harder’ K-shell spectrum and Beiersdorfer [38] predicted that the ratio
of high-to-low energy of the K-shell emission could be used as a probe to
determine the velocity of solar wind ions interacting with molecules in the
coma. This method has not been applied to any comet.
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The Process of Charge
Exchange

Charge exchange is the process in which one or more electrons are transferred
from one particle to another. The net reaction is:

AT 4 B — A9+ 4 st (3.1)

Here A is an ion with charge ¢ and B an initially neutral molecule or atom
that is left with charge s after the capture process. The probability P that
charge exchange occurs is generally expressed in terms of the cross section o

P:/mwm (3.2)

where the integral is taken along the path of the ion through a gas with
number density p(r). The cross section has units of cm?.

3.1 Classical Over the Barrier Model

The Classical Over-the-Barrier model (COB) is a simple approximation for
collisions between ions and neutrals and allows for an estimate of the principal
quantum number n into which the electron is captured [39]. Although the
COB model is not related to the collision velocity, it generally only applies
for energies in the range of some 100 eV/amu up to 10 keV/amu; exactly the
range of solar wind velocities. According to the Classical Over-the-Barrier
model, the reaction can be divided in several steps, which can be summarized
with the following reaction scheme:

A" + B — (AB)"* (3.3)
(AB)™ — AW DT L Bt L AE (3.4)
Ale-D+x L Bt L AR s A@D+ 4L BY L AE + hy (3.5)

15
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Figure 3.1: The Over the Barrier model for an ion colliding on a neutral target.
On the left, the ion approaches the target. In the middle, the two particles are
in a molecular state as the electron can move freely between the two nuclei and
at the right, the ion leaves the target again with the captured electron. Picture
provided by Steven Knoop.

where (AB)?" is the collision complex and the excited ions A4~Y+* and B*
decay radiatively to their ground states.

We will consider here the case in which an ion A captures one electron from
a neutral particle B. The nuclei of the two particles are separated by an
internuclear distance R. The molecule’s least bound electron has a (negative)
binding energy I, and it can be considered being trapped in a potential well.
Because the approaching ion also has such a potential well, it can be seen
from Figure 3.1 that there is a ’barrier’ in between the potential wells of the
ion and the target molecule. The full potential experienced by an electron
at a distance r of its parental nucleus is the sum of the potential of the ion
and that of the target:

q 1

— for 0<r<R (3.6)

YO =R T

This barrier will reach its maximum value for exactly that r where the deriva-
tive of this equation equals zero:

dv(r)  —q I
dr (R—r)2+r_2_0 (3.7)

Solving this equation, one finds an r,,,, at which the potential barrier obtains
its maximum value V,, ...

R
Tmaz =
NES

g 1+2/4 (\/(_]+1)2
Vinaz R R R (3:9)

(3.8)
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Meanwhile, the electron ’hides deeper’ in the target’s potential well; the
approaching ion’s Coulomb field causes a Stark shift to increase the electron’s
binding energy:

I(R) =1, — % (3.10)

where [, is the absolute binding energy at infinite separation, the initial
binding energy without Stark shift. Electron transfer can occur if the height
of the potential barrier V,,,, drops below the shifted binding energy I:

142
A iV (3.11)

R R R
Solving this equation yields a critical distance R..; between the two nuclei
that has to be reached in order to allow for charge exchange.

2,/ + 1
Rerit = \/67[ (3.12)
—4b

From this distance, the cross section for the one electron capture process can
be determined by assuming that if ions pass the neutral at a distance smaller
than this critical distance R.,;, the electron is captured with unit probability.
In this so called ’absorbing sphere approximation’ the cross section is simply
given by the geometrical cross section:

2 1\2
o=7R:, = W(%) (3.13)

In practice, the classical Over-the-Barrier model tends to overestimate cross
sections by a at least factor of two [40].

Once the two particles are (infinitely) separated again, the electron is left
behind in the ion which was originally denoted as ’A’. For resonant charge
exchange, the binding energy of the electron will again be the sum of the
binding energy at R..;; and the Stark shift.

1 qg+1
I = (R —— =1y —
d b( t) T Rcrit ’ Rcrit

(3.14)

This approximation can be used to predict the state n that the electron will
be captured in. This can be done by converting the binding energy Iy into a
‘classical’ energy level n, by the hydrogenic approximation

A
Ny = —o (3.15)
21|
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chargeq - | 1 | 2 | 3 | 4 [ 5 | 6 | 7

Target | |I;| (eV) Cross Section o (10715 c¢m?)
OH 13.6 3.17 | 5.16 | 7.02 | 8.80 | 10.5 | 12.3 | 13.9
(O] 12.4 3.81 (6.21 | 844 |10.6 | 12.7 | 14.7 | 16.8

H,O 12.6 3.69 | 6.01 | 817|103 | 12.3 | 14.3 | 16.2
CH,4 12.6 3.69 | 6.01 | 817|103 | 12.3 | 14.3 | 16.2
COq 13.8 3.09 | 5.03 | 6.85 | 8.59 | 10.3 | 12.0 | 13.6
CO 13.7 3.12 [ 5.09 | 6.91 | 8.67 | 10.4 | 12.1 | 13.7

H, 16.1 2.26 | 3.68 | 5.01 | 6.28 | 7.52 | 8.74 | 9.95
Target | |I,| (eV) | Classical principal quantum number ng

O,H 13.6 08 | 15 |23 | 31|39 | 46 | 54
(02} 124 0.8 | 1.6 | 24 | 3.2 | 41 | 49 | 5.7
H,O 12.6 0.8 | 16 | 24 | 32 | 40 | 4.8 | 5.6
CH,4 12.6 0.8 | 16 | 24 | 3.2 | 40 | 4.8 | 5.6
COs 13.8 08 | 15 |23 | 31| 38| 46 | 54
CO 13.7 08 | 15 |23 | 31| 38| 46 | 54
H, 16.1 0.7 | 14 | 21 | 28 | 3.6 | 4.3 | 5.0

Table 3.1: Classical Over-the-Barrier predictions for ions with different charges
colliding on different target atoms and molecules.

For several cometary molecules, both the charge exchange cross section and
the state in which the captured electron is left have been approximated this
way, see Table 3.1. One will notice, that the values for n are not integers, for
example, charge exchange between water and a twofold charged ion yields n of
1.6. This indicates that some electrons will be left in the ground state n = 1,
others in the first excited state n = 2. Although the Classical Over-the-
Barrier model does not give an exact distribution over these two states, the
availability of states near the predicted binding energies may give information
on the effectiveness of certain electron capture processes. It is of note that
if the decimal fraction of n. is between 0.5 - 0.8 the actual n distribution
strongly depends on the collision energy.

For a specific projectile, the cross section and the shell where the electron
is captured in mainly depend on the binding energy of the target. Most
molecules that are typical for a cometary environment have similar bind-
ing energies and therefore, it is safe to assume one generic molecule in our
discussion of charge exchange in the coma.
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3.2 Extended Over-the-Barrier Model

In the previous section, it was shown that the classical Over-the-Barrier
model predicts the binding energies of captured electrons in collisions between
ions and molecules and that these energies depend only on the target electron
binding energies I, and the charge state ¢ of the projectile. It was assumed
that only one electron was involved in the charge exchange process.

In the Extended Over-the-Barrier Model [41, 42, 43|, more than one electron
can be transferred in collisions between molecules and ions. This can result
in the transfer of one electron, as was the case in the previous section, or in
the transfer of two or even more electrons.

For us, the most important feature of the Extended Over-the-Barrier Model is
the inclusion of the collision velocity; the velocity of the projectile determines
how fast the potential barrier will increase and the finite time available for
the electron transfer process leads to a probability distribution for the final
binding energies rather than a single value.

First we will rewrite the set of equations (3.3-3.5) to allow for multiple elec-
tron capture:

AT+ B (AB)'H (3.16)
(AB)?t — Ale=9)t* | Bsts L A (3.17)
A(qfs)Jr* + Bst* + AE — A(‘I*S)Jr + Bt + AF + hv (318)

In the Extended Over-the-Barrier Model, it is important to distinguish be-
tween processes that occur on the way in, when the projectile approaches
the target and the way out, when projectile moves away again. The target
B has m electrons, denoted with an index i. The least bound electron (or
in classical terms, the ’outer’ electron) has the index ¢ = 1, the next one has
t = 2 and so on. As the ion approaches the target, the potential barrier of
all of the individual electrons of B change, as was in the case of the simpler
model: the potential experienced by the electron ¢ depends on the number
of electrons that is already captured by the projectile c:
q—c 1+c

I;; = — 3.19
MR T (319

With decreasing internuclear distance R, the potential barrier will become
less effective until some critical distance is reached:

. o
R = i+2Vig (3.20)

Once the critical distance is crossed, the electron involved will become molec-
ular: it moves in the combined potential well of target and ion. The closest
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approach (also called impact parameter) determines how many electrons will
reach the molecular state.

On the way out, the distance between the two nuclei starts to increase again
and one by one the electrons will leave the quasi-molecular state in reverse
order of appearance (that is, the most inner electron is released first). Every
electron ¢ has to ’choose’ between capture by the ion or recapture by the
target at the distance:

\/q—ci+\/i+ci)2
Va+ Vi

It follows that for the most inner electron, R°“ is equal to R;, which means
that capture on the way out occurs at the same distance as where it was
captured on the way in.

From the position of R°“, it is possible to calculate the binding energy the
captured electrons will have once the two nuclei are separated again by an
infinite large distance:

R =R ( (3.21)

q 1+c¢
I =T, — = 3.22
% b, R;n + R;_mt ( )
The electrons might also be recaptured by the target:
ot =1, — L 4 L5 (3.23)

— +
R;n Riout

3.2.1 Reaction Window

The discussion above assumes that an electron is captured resonantly; the
detailed inner structure of the projectile is considered to match the binding
energy of the electron(s) from the target perfectly. In practice, this is not
the case.

There is an uncertainty in the binding energy due to the finite time an elec-
tron needs to cross the potential barrier. In that way, the Extended Over-the-
Barrier Model predicts a Gaussian distribution of binding energies around the
most probable final binding energy, called the reaction window.

The velocity of the projectile v,y determines how fast the potential barrier
will raise. The finite time it takes an electron to cross the barrier results in
an uncertainty in the barrier height, which can be expressed as:

av dV dR av
AV = —At = ——At = — - VUpga - A .24
V= T AR ™ T ar e A (3:24)
where dV/dR is the change of barrier height with internuclear distance as

expressed in equation 2.8. Now the assumption is made that this classical
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uncertainty in the barrier height is equal to the quantum mechanical uncer-
tainty AV At ~ 1 so that a minimum uncertainty is given by:

av
ﬁ * Urad
Both on the way in and on the way out, there was an internuclear distance R

at which the height of the potential barrier was equal to the shifted binding
energy. Substitution of these distances gives:

(AV)? = (3.25)

dvin g+ 1\2
4 = (7\/]; - ) (3.26)
dvlout \/q_—1+ \/5 2
e (—R‘l’“t ) (3.27)
= (71%;" ) (3.28)

The radial velocity v,qq is related to the initial velocity vy and the impact
parameter b by:

b 2
vt = U011 — (— 3.29
Urad = Y0 (R,-) (3.29)

For the calculation of the reaction window, we need the radial velocity av-
eraged over all internuclear distances for which the potential barrier can be
crossed. In that way the average velocity at R™, R¢"" and R is found to

be:
. RZH RZH
gin — 1— .
rad 1 3 Rzn { ( Rzn ) } (3 30)

o 2 Rout R'm
fo 2R (Z))) e

777"ad,2 = 3 (332)

The distribution around the most probably populated level n for an electron
1 is assumed to be a Gaussian distribution with a standard deviation given
by:

(AE;)” = (AV™)? + (AV;™)? (3.33)

If more electrons are captured their AFE should also be quadratically added.
The reaction window can now be expressed as:

AW (E) = m exp< - % ( \%—AIE >2> (3.34)
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Way in Way out
Rzln R'én Rgut Rimt I?c:g I;’c?lt Ia?qflt
6.48 4.71 | 4.71 6.48 -34.7 -24.5 -20.3

Table 3.2: Over-the-Barrier model for Helll + Hj, capture distances (atomic
units) and binding energies (eV).

The reaction window can be used to roughly predict the final state of the
ion by considering the overlap between the reaction window and the binding
energies of the final ionic states. It widens as the velocity increases with a
v'/? dependence and it can be seen from Figure 3.2 that for larger velocities,
more states can be populated.

Like the classical model, the extended Over-the-Barrier model tends to over-
estimate the cross section. More accurate models, such as the multi channel
Landau-Zener model [44], include more of the molecular structure. Although
these models do give a more accurate description of the total cross section,
they fail to predict the exact (n,l) distribution [45].

3.2.2 Helll + H,

To demonstrate the model, we will discuss the example of charge exchange
between molecular hydrogen and fully stripped helium here.

First consider single electron capture, Figure 3.2. The projectile can capture
either the inner or the outer electron. The reaction window for capture of
the outer electron mainly overlaps with the (21) state, but it can be seen that
the higher excited states are also within reach of the reaction window.

The reaction window of capture of the inner electron falls in between the
ground state and the first excited level of the helium ion and is therefore less
favourable.

The width of the reaction window strongly depends on the projectile velocity
as is shown in Figure 3.3. This means that with an increasing velocity, more
channels open and electrons will be captured into higher excited states. From
the figure it also becomes clear that for lower velocities, the reaction window
overlaps less with the (2[) state. Single electron capture into the Hell(2])
state will therefore be strongly dependent on the velocity.

Now consider double electron capture, Figure 3.4. The model presented
in the previous sections predicts that the electron is captured into (1) as
the reaction window coincides with the position of the ground state. This
treatment assumes completely independent capture of the two electrons.
From experiments however, it is known that electrons are captured into the
Hel(1s2p) state. This can be understood by introducing an extension to
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Figure 3.2: Reaction window for single Electron Capture by He?t from Hy with
v = 2.25 keV/amu. Black line: capture of the outer electron. Blue dashed line:
capture of the inner electron. The position of the He™ excited states are indicated.
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Figure 3.3: Widening of the reaction window for single electron capture by
He?t from Hy for different solar wind velocities. Blue: 0.05 keV /amu, cyan: 0.5
keV/amu, green: 2 keV/amu and red: 6 keV/amu.
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Figure 3.4: Reaction window for double Electron Capture by He?* from Hy with
v = 2.25 keV/amu. Blue dashed line: independent capture of the two electrons.
Black line: capture with energy transfer from the inner to the outer electron. The
position of the He states are indicated.
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Figure 3.5: Widening of the reaction window for double electron capture by He?t
from Hy for different solar wind velocities in the case of auto-excitation. Blue:
0.05 keV /amu, cyan: 0.5 keV /amu, green: 2 keV/amu and red: 6 keV/amu.
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the model that assumes that the total binding energy of the system is the
relevant quantity.

When leaving the quasi-molecular state, assume that the inner electron is
captured into the Hell ground state. This ground state has a binding en-
ergy of -54.4 eV; the final binding energy of the inner electron in the quasi-
molecular system was -34.7 eV, ¢f. Table 3.2. This means that 19.7 eV
'becomes available’ for the outer electron. During the molecular state, this
electron had a binding energy of -24.5 eV. Transfer of the released energy
results in a new binding energy of -4.79 eV for the outer electron.

This process is thus an auto-excitation process and the reaction window is
shown in Figure 3.3. Clearly, the preferred shells have an n > 2.

As with single electron capture, the reaction window for double electron
capture was calculated at different velocities typical for the solar wind, Figure
3.5. It can be seen that because capture into the first excited state of Hel
is almost resonant, the cross section of this process will not vary much with
the collisional velocity.

3.3 Measuring Cross Sections

Electron capture processes can be studied by different techniques, each of
which has particular advantages. A rough distinction between applied meth-
ods would be:

¢ Photon Emission Spectroscopy (PES) is the method used at the
KVI. Tt allows for the measurement of state selective cross sections
by detection of the photons that are emitted in the charge exchange
reaction [46, 47, 48|;

e Translational Energy Spectroscopy (TES) is a method that uses
the kinetic energy that the projectile gains or looses during the charge
exchange reaction. Within the limitations of the available energy reso-
lution, the TES technique allows to distinguish different reaction chan-
nels such as dissociative and non-dissociative electron capture [49, 50].

¢ Recoil Ton Momentum Spectroscopy (RIMS) is based on mea-
surement of the momenta of the reaction products. With this technique
the collision dynamics of collision systems can be completely resolved
so that differential cross sections can be obtained. At the KVI, this
technique is used in combination with a magneto-optical trap [51, 52].

Other methods that are used to study charge exchange collisions are Auger
electron spectroscopy [53] where the momenta of electrons that are re-
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leased during the process are measured and the retarding field technique
[54, 55] in which the number of projectile ions before and after the collision
is compared.

3.3.1 Experiment

At the KVI Atomic Physics Facility heavy ions can be produced using an
Electron Cyclotron Resonance Ion Source (ECRIS, [56]). In an ECRIS, a
plasma is confined by a magnetic trap. Electrons will gyrate around the
magnetic field lines with a cyclotron frequency w, and they can be heated up
by applying a resonant radio frequency field, approximately 14 GHZ. Elec-
tron impact is used to ionize the atoms in the ECRIS and subsequent charge
states can be achieved by repeated electron collisions. The range of charge
states is limited by the increasing amount of energy required to strip ions
any further and recombination processes like electron capture. After the ions
are extracted from the source they are selected by a 110° bending magnet
according to their mass per charge ratio m/q. The selected ions then en-
ter the beam line, where the ion beam is focussed by means of three sets
of quadrupole triplet magnets. Another magnet is used to bend it into the
experimental set up.

When the ions leave the ECRIS, they have a kinetic energy of
E=q Vicr (3.35)

where Vgcg is the potential of the ion source, typically 3.5 kV. The ions can
be decelerated with the use of an octopole ion beam guide so the setup allows
for the use of ions in a wide range of astrophysically relevant velocities (0.01
- 10 keV/amu).

Figure 3.6 gives a schematic drawing of the setup. The ions coming from the
beam line are first collimated and focussed by an electrostatic lens system
[45]. This lens system consists of three lens elements and three diaphragms,
and the potential on each of these components has to be carefully tuned to
optimize the shape and trajectory of the beam as the ions are decelerated.
The retarded ions then enter the main part of the setup, a vacuum chamber
with the octopole ion trap (Figure 3.7) at its center.

The octopole is based on the technique of Radio Frequency multipole ion
guiding. With eight stainless steel 'wedges of pie’, an electric field gradient
in radial direction with respect to the ion beam is created. An RF voltage
is applied on the bars such that between neighboring bars, there is a phase
difference of 180°. The resulting field confines the decelerated ions very ef-
fectively in the radial direction, as the effective potential V., in the octopole
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Figure 3.6: Artistic impression of the AGORA set up. The ion beam enters the
lens system from the right and crosses the target at the center of the octopole.

Figure 3.7:  Photograph of
AGORA where the top flange
that closes the reaction chamber
is removed. The ions come in
from the above. The lens system
is placed underneath the blind
flange and in the opened reac-
tion chamber, the octopole can
be seen. At the right, the VUV
spectrometer is placed; at the
left, a metal box can be seen
which contains the optical spec-
trometer. The copper box at the
center encloses the Faraday cup.
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becomes very steep with respect to the position 7 in the octopole [57]:
Ve o’ (3.36)

The target gas enters the setup through a nozzle which fits into the octopole.
The use of a nozzle has the advantage that the target is a gas beam so that
the density in the gas beam can be relatively high while single collision con-
ditions are maintained. The space between the different bars allows light to
escape, which is essential to do photon emission spectroscopy by means of
both a vacuum ultraviolet spectrometer (8-80 nm) and an optical spectrome-
ter (300-600 nm). The VUV spectrometer is connected directly to the setup;
an optical fiber is used to guide visible light into the optical spectrometer
(Figures 3.6 and 3.7).

3.3.2 Cross Sections

The experimental technique of Photon Emission Spectroscopy can be used
to study state selective electron capture by means of the photons that are
emitted in this process.

Consider again Figure 3.6, where the ion beam collides on the target beam
in the center of the octopole. Photons can thus originate from a region with
length L along the ion beam but their detection is limited by the solid angle
of observation w and the quantum efficiency K () of the detector used. The
relation between the emission cross section e, (i — f) and the photon count
S in a period T is given by [48]:

4t qe 1

Oem(i = f) =S QK(\) NQ [; n(z)dz

(3.37)

where N ions with charge ¢ collide on a target beam with density [; n(z)dz
along the position on the ion beam z; e denotes the elementary charge con-
stant and () is the accumulated ion charge.

In photon emission spectroscopy, it is important to distinguish between dif-
ferent cross sections. What is measured in the setup is the emission cross
section ey, (i — f) for a transition from state i to the state f; what we
are looking for is the state selective cross section o(i). The relation between
these two cross sections can be understood by looking at a transition scheme,
see Figure 3.8. In the case of single electron capture, the number of photons
that are emitted at 30.4 nm is measured and from the equation 2.39, the
emission cross section for the transition (2p — 1s) can be determined. From
the quantum mechanical ’selection rules’ it follows that this transition is the
only path by which electrons in the (2p) state can relax so the branching
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Figure 3.8: Transition schemes for neutral He (left) and ionized He™ (right). The
wavelengths (in nm) and branching ratios (between brackets) are indicated.

ratio is equal to 1. The branching ratio B;; for the transition from 7 to f is
defined as the relative transition probability through a certain channel:

Aig

Bij= —4Y
T %Ay

(3.38)

with A;; the transition probability for the transition (i — f) and Y, Ay
the sum of the transition probabilities of all possible transitions from the
state (). The sum of all transition probabilities is equal to the inverse of the
lifetime of the state concerned:

S Ay=1" (3.39)
J

We return to the example of the 30.4 nm line resulting from single electron
capture by fully stripped helium into the (2p) state. Electrons might also
be captured in higher excited states such as the (3s) state. Relaxation of
this state would lead to an increase of the population of the 2p state so that
the photons arising from the (2p — 1s) transition contain information about
both direct capture in the (2p) state and capture in the (3s) state.

If there is a significant cascade contribution (kK — i — f) to the population
of a state i, the state selective cross section o(i) can be corrected for this
effect:

o (i) = w ~Y" Buolk) (3.40)
if k

where the last term describes electrons captured in a state (k). This excited
state has a state selective cross section o(k) and transitions to the state i
have a branching ratio By;.
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3.4 Helium Electron Capture

Helium (from ‘pAtog - the Sun) is the second most abundant element in
the solar wind (Section 2.3). It was already mentioned before that all solar
wind helium is fully stripped and therefore, collision processes with He?* and
molecules that are typical for the cometary environment will be discussed
here. First, collisions with carbon monoxide will be studied:

Het + CO* SEC

3.41
He + CO** DEC (341)

He*' + CO — {

where the abbreviations SEC and DEC denote single- and double electron
capture respectively. For the technique of photo electron spectroscopy, that
uses individual transition lines, state selective cross sections are of relevance.
The excited states studied here are He(1s2p) and He™(2p). Relaxation of the
SEC He™ (2p) system to the ground state He™ (1s) results in an emission line
at 30.4 nm; the DEC He(1s2p) — He(1s?) yields a line at 58.4 nm, see also
the transition schemes in Figure 3.8.

3.4.1 Single electron capture

Using the AGORA set up, single electron capture from neutral CO by fully
stripped helium ions was studied. Figure 3.9 compares total cross sections
with state selective cross sections for electron capture into the (2p) state.
Obviously, the emission cross section should always be smaller than (or equal
to) the total cross section. Below 10 keV /amu, the total cross section of one
electron capture decreases by approximately one order of magnitude; the
same occurs for velocities above 10 keV/amu. However, the cross section of
capture in the (2p) state falls much faster; at high energies, its cross section
is about the same as the total cross section but at energies as low as 0.2
keV /amu, capture in this excited state accounts for less than 10% of the
total cross section.

Comparison with other measurements [50, 53| shows that at energies below 1
keV /amu most electron capture occurs through dissociative channels where
the CO is ’broken up in pieces’ and the helium is left in its ground state.
At higher energies, the He™ (2p) channel 'opens’ (it falls well within the reac-
tion window) and the relative importance of capture into the (2p) state will
increase.

At energies higher than 0.5 keV/amu, some capture into the (n = 3) state
has been measured by Kearns et al. [50]. However, capture into this state is
a factor of 25 rarer than capture into the (n = 2) state.
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Figure 3.9: Cross sections for single electron capture by He?t from CO at different
projectile velocities. Total cross sections: filled green squares (Ishii et al. [58]),
open green squares (Rudd et al. [59]) and open green circles (Cadez et al. [55]).
Capture into the ground state (Kearns et al. [50]) is indicated by reverse brown
triangles; capture into (2[) is indicated by reverse open blue triangles (Kearns et
al. [50]); red triangles, capture into (2p), this work.

3.4.2 Double electron capture

Double electron capture is a more complex process than single electron cap-
ture because it involves both inner and outer electrons. A discussion in terms
of the reaction window for DEC was done by Folkerts et al. [60] for an energy
of 4 keV /amu. It was concluded that capture of the two outer electrons of CO
is unlikely as the reaction window for this process falls exactly in between
the He(1s2l) and the He(2{2l") states. Because for the inner electrons the
reaction window overlaps exactly with the He(1s2l) states, inner electrons
rather than the outer electrons will be captured, resulting in a more complex
capture process.

In the energy range 0.1-10 keV, the total DEC cross section decreases by
approximately an order of magnitude [59, 58, 55]. The state selective cross
section for the He(1s2p) state is more or less constant within this region and
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Figure 3.10: Cross sections for double electron capture by He?t from CO at
different projectile velocities. Total cross sections DEC: filled green squares (Ishii
et al. [58]), open green circles (Rudd et al. [59]) and filled green circles (Cade7 et
al. [55]). DEC into the (1s2p) state: red triangles, this work.

it accounts for a relatively small part of the total cross section. This effect
might be explained by the reaction window mentioned above: as the capture
is resonant with the He(1s2[) states, narrowing of the reaction window by
decreasing the velocity does not affect the state selective cross section much.
These results can also be understood in terms of the influence of the molecular
structure of CO on state selective capture; double capture involves both inner
and outer electrons so that much more reaction channels are available [53].
Many of those reaction channels lead to dissociation of the CO molecule and
the neutral helium is left in its ground state.

3.4.3 Competition between SEC and DEC

At low energies, helium-carbon monoxide collisions are dominated by double
electron capture; at high energies, this is just the other way around. This
is illustrated in Figure 3.11 where the ratio of state selective single electron
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Figure 3.11: Velocity dependence of the ratio between single- and double electron
capture for He?™ with CO (upper part) and He?t with Hy (lower part).
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capture in the (2p) state and state selective double electron capture in the
(1s2p) state is plotted versus the projectile velocity. This ratio will be de-
noted as SEC/DEC; although this abbreviation is not accurate (because no
distinction is made between total and state selective capture), it does make
life a little easier.

The relation between the ratio of state selective single- and double electron
capture and the projectile velocity can be understood in terms of the ex-
tended Over-the-Barrier model, c¢f. Section 3.2.2. Double electron capture
into the Hel(1s2p) state is an almost resonant process which therefore is al-
most not affected by widening the reaction window; the reaction window of
single electron capture however overlapped less with the Hell(2p) state so
that this process is much more dependent on the collisional velocity.

The SEC/DEC ratio is also shown for collisions of He*™ with molecular hy-
drogen [46]. It clearly follows the same trend as the SEC/DEC ratio for CO,
although the two plots show differences at specific velocities.

3.4.4 Single electron capture by Hell

In our setup, the use of a target jet has to assure that only one charge transfer
reaction takes place. In a cometary environment, this might not be the case
(Section 4.1). This would mean that an He?" ion that has already captured
an electron captures another electron in a subsequent collision with a neutral
molecule:

He’* + CO — He' 4+ CO* (3.42)
He™ + CO — He(1s2p) + CO* (3.43)

It is already suggested by the notation that this process, called sequential
electron capture (SEQ) also leads to emission at 58.4 nm because of electron
capture into the excited state (1s2p). Figure 3.12 shows the state selective
cross section for electron capture by Hell into this state.

From our classical Over-the-Barrier predictions (Table 3.1) it is to be ex-
pected that most of the sequential electron capture occurs in the ground
state of the neutral helium. Hell electron capture into (1s2p) indeed has a
relatively small cross section at low velocities. For projectile energies larger
than 2 keV/amu however, the state selective cross sections for Hell capture
and DEC are comparable. This might be explained in terms of a widening
reaction window for Hell capture into (1s2p) with increasing velocity, as was
the case for SEC into (2p), while the double electron capture is forced to
occur into the ground state due to the increasing amount of molecular reac-
tion channels that were mentioned before. Single Hell electron capture does
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Figure 3.12: Cross sections for single electron capture by He™ from CO at different
projectile velocities. Total cross sections SEC: dark green squares (Moran et al.
[61]). SEC into the (1s2p) state: red triangles, this work.

not suffer from these molecular effects because only one (outer) electron is
captured.
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Chapter 4

Collisions in the Coma

In the previous section, it was shown that state selective single- and dou-
ble electron capture are strongly dependent on the velocity of the projectile.
However, because the cometary situation is rather different from the labo-
ratory, it is not possible to use the ratio between state selective single- and
double electron capture directly as a diagnostic tool.

In this chapter, a simple two dimensional cometary model is developed that
can be used as a diagnostic tool to study the interaction between comets
and the solar wind. This model is summarized in Figure 4.1. The cometary
nucleus continuously produces neutral water and CO, which flows into space
until it is ionized or destroyed by sun light. The flow of solar wind ions
therefore encounters a mixture of the original molecules and their dissociation
products, mainly atomic oxygen and hydrogen. Charge exchange reactions
will now neutralize the helium ions; either directly by double electron capture,
or by the consecutive capture of two electrons (sequential electron capture).
The model presented here consists of two parts; first, it predicts the charge
state distribution of the solar wind helium that flies through the coma and
this model is used to understand in situ measurements by the Giotto space-
craft of the helium charge state distribution within comet Halley.

Second, the photon emission resulting from the charge exchange reactions in
a cometary environment is modelled. The results of this emission model are
compared to FUV observations of both Hale-Bopp and Hyakutake.

4.1 Cometary Model

In the solar wind, all helium is fully stripped. When helium ions fly through
a cometary gas, the charge state distribution of the helium ions will change.
Single charge exchange will then populate the Hell state and double charge

37
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solar wind

neutral nucleus
gas

Sun

Figure 4.1: Model overview: solar wind helium ions (orange ions) fly into a
cometary environment that is created by continuous sublimation of gas from the
nucleus (blue arrows). By introducing a spherically symmetric density distribution
dependent on the distance to the nucleus r, the charge state distribution of solar
wind helium can be modelled.

exchange populates the neutral Hel state. Because the density increases
rapidly when the cometary nucleus is approached, the charge state distribu-
tion varies along the ion’s path through the coma.

Consider a helium ion that moves along a straight line r on the comet-Sun
axis. The cometary nucleus is located at r = 0, the Sun is located at r = —o0,
so r has only negative values. There are three possible charge states (Helll,
Hell an Hel) and three processes that connect these states (SEC, DEC and
SEQ). The charge state distribution can now be written as a set of differential
equations:

dNIII (T) stec deec(r)
s _ 4.1
dr dr dr (4.1)
dNri(r) _ dNsee(r)  dNseq(r) (4.2)
dr - dr dr '
dNy(r) ANgec(r)  dNgeq(r)
= 4.
dr dr + dr (43)

Here, Nyrr(r) denotes the Helll density, Nyr(r) is for Hell and Ny(r) is the
density of neutral helium atoms. The number of single electron capture
reactions is denoted by Nec(r); Ngec(r) is the number of double electron
captures and N, (r) denotes the number of reactions where one electron is
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captured by a Hell ion.

The variation of the number of electron captures of each of the three processes
depends on the density of molecules and atoms in the coma. Here, we have
to distinguish between hydrogen atoms, which can only donate one electron
and the other neutrals, from which one or two electrons can be taken. The
model treats all the particles from the latter group as one effective species:

dNgee(T)

o NHI(T)‘(pm(T)Gsech pH(r)gsec) (4.4)
%‘;(T) = NIU(T)'pm(T)O'dec (45)
Waal) N ) (p (1) + 1 () ws)

Here, 04cc, 04ec and o,y denote the total cross sections for electron capture
in collisions between helium and molecules; ¢, and ¢, are the total single-
and sequential electron capture cross section for collisions between helium
and atomic hydrogen. The number density of hydrogen atoms is denoted by
pu (r); the molecular number density by p,(r). From equation 2.1, a general
relation for the number density of a specific species ¢ is given by:

Qi

= 2
ATV gqs

pi -exp [—r/h] (4.7)
where (); is the comet’s production rate of the species ¢ and where h; is the
scale length of this species.

When water molecules are dissociated by sunlight, a neutral hydroxyl atom
and a hydrogen atom are formed [10]:

H,O +v — OH+H (4.8)

Dissociation of these hydroxyl molecules produces one hydrogen and one
oxygen atom.
OH+v—-H+O0O (4.9)

The atomic oxygen itself is photo ionized with a scale length of hy ~ 2-10%km,
after which it is picked up by the solar wind. Like water and hydroxyl, atomic
oxygen allows for both single- and double electron capture [63]. Therefore,
the number of collision partners that can participate in all the electron cap-
ture processes is not affected by the dissociation processes 4.8 and 4.9 but
only by the scale length of photo ionization of atomic oxygen. Including
oxygen, the molecular density is described by:

_ 1
Prm = ATT20 g

. (QHQO -exp [-r/ho] + Qco - exp [—r/hco]) (4.10)
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Figure 4.2: Density model for a Halley-like comet at 1 A.U. from the Sun. Black
is the combined HoO, OH and O number density; blue is for water, cyan for OH,
green is for atomic hydrogen, red for CO and magenta for atomic O. Both the
bowshock and the cometopause are indicated, distances taken from Ip et al. [62]

were Q20 and Qo are the water and carbon monoxide production rates,
ho is the ionization scale length for atomic oxygen and h¢o is the ionization
scale length for CO. For every water or hydroxyl molecule that is dissociated,
a hydrogen atom is formed. The hydrogen number density can therefore be
expressed as [64]:

QHZO hH
471'7'2’Ugas hH - hH20

pu(r) =2 . (exp [—7r/hg] — exp [—r/tho]) (4.11)

where the factor 2 is included because both the dissociation of water and the
dissociation of OH produce a hydrogen atom.
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Figure 4.3: Charge state distribution for helium ions flying through a Halley-like
comet at a heliocentric distance of 1 A.U. Upper figure: slow wind (0.25 keV /amu).
Lower figure: fast wind (6.0 keV/amu). HelII: red, Hell: green and Hel: blue.
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4.1.1 Cometary Density

A model for a Halley-like comet at 1 A.U. from the Sun is shown in Figure
4.2. Here, a gas production rate of Q = 7-10% s, a gas velocity of 1 km/s
and a CO abundance of 10% were used. Near the nucleus, water (and then
CO) are the dominant gas phase species. The water is rapidly converted
first into OH and H (around 10° km) and then almost simultaneously into
O + H (+ H). In contrast, CO which has a very small photo ionization and
dissociation cross section stays abundant until the bowshock. Therefore, at
large distances CO is the most abundant molecular species but the coma is
dominated by atomic hydrogen and oxygen.

4.1.2 Charge State Distribution

The cross section of helium colliding on CO was used for the molecular part of
the cometary gas. Total charge exchange cross sections for helium colliding
with CO were taken from the experimental work reported in the previous
section. For collisions between helium ions and atomic hydrogen, a mix
between theoretical and experimental data was used (Appendix A).

Using the constraints that initially there is no Hell nor Hel state, the set
of differential equations can now be solved numerically. Matlab was used to
solve this set of differential equations from a distance of 10° to a 1000 km
from the nucleus. The results show it can be seen that solar wind helium
ions can fly through the coma relatively unhindered up to a distance of 10°
kilometers from the nucleus -the hydrogen dominated zone- and the original
charge state distribution is retained.

At 10* km from the nucleus, the density becomes high enough for larger
numbers of collisions to take place. Because the single electron capture cross
section increases with velocity, the Hell abundance accounts for a larger
fraction of the total population in case of a fast wind than in the slow wind.
The slow wind on the other hand has a larger neutral fraction because of the
larger DEC cross section.

When the gas production rate () is lowered, the number of collisions decreases
dramatically: in the case of an Encke-like comet (Q = 10?7 s7! at 1 A.U.),
the helium ions easily reach the contact surface without collision induced
changes of the distribution.
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Figure 4.4: Schematic view of the geometry of the observation. Ions flying along
a trajectory (orange arrow) will capture an electron and emit a photon depending
on the local density of the comet. An observer (EUVE) moving along the comet-
Sun axis sees the sum of the light that comes from all the different (parallel)
trajectories, blue arrow.

4.2 Intensity Model

4.2.1 Geometry

Once the helium charge state distribution is known, it is possible to calculate
the comet’s luminosity in both the 30.4 and the 58.4 nm lines. To do this, a
closer look at the geometry of the cometary system is to be introduced.
Consider a plane through the comet-Sun axis. This plane is shown from
above in Figure 4.4. If an observer would travel along the comet-Sun axis,
looking into a direction perpendicular to this axis, he would see the source
function resulting from all the electron capture reactions that occurred at
each point.

A solar wind ion travelling along a trajectory parallel to the comet-Sun axis
approaches the nucleus up to a distance b, the impact parameter. It enters
the coma at the point zy and it has to travel a distance T before it reaches
the point of closest approach. This T is given by the sum of the squares of
the trajectory’s impact parameter b and the radius of the coma R:

T°=R*-V° (4.12)
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The density along the trajectory is a function of r, the distance to the nucleus:
r? = 22 + b (4.13)

where z, the distance from the nucleus along the ionic trajectory is defined
by difference of the path length 7" and the distance ¢ the ion has already
travelled since it reached zg:

z=T—1 (4.14)

By substitution of these relationships in the relations of the previous section
it is possible to find the charge state state distribution along different tra-
jectories parallel to the comet-Sun axis. When the charge state distribution
is known, the number of photons emitted along these trajectories can be
calculated:

Ss0.4(2) = Niz1(2) - (pm(@)o0p + pi ()52 (4.15)

Sss.4(z) = Nipr(z) pm(a)ors9p + Npp(z) - (pm($)0152p + PH($)Cls2p) (4.16)

where all the cross sections are state selective cross sections and where the
parameter used is z (the distance from the comet along the ionic trajectory)
in order to simplify comparison between the different trajectories.

We now return to the observer travelling parallel to the comet-Sun axis. The
observed intensity of the two emission lines can now be found by integrating
these source functions over the line of sight. Because the observed plane is
symmetric with respect to the comet-Sun axis, multiplication with a factor
of two is required.

L=2. /OR S.()dl (4.17)

4.2.2 Computer Model

In order to calculate the helium line emission for different comets, a computer
program was written in MatLab. The program consists of four parts:

1. The first part contains the differential equations with the cometary
density;

2. The second part solves these equations and gives the charge state dis-
tribution for a given impact parameter b;

3. The third part then calculates the source function using the relations
given above;

4. The last step is to do this for all possible impact parameters b and to
perform the radiative transfer integration along the line of sight.
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Because of the numerical approach, the integration along the line of sight
(equation 4.17) boils down to a summation:

R
Ia =2- Z Sa,iAbi (418)

where Ab is the size of the iteration step between two successive impact
parameter. This summation was computed using the trapezoidal routines
provided by MatLab.

The model is tested by assuming a uniform density in the coma. In that case,
the set of differential equation resulting can be solved analytically. Because
the rate of decay is now constant along the ionic trajectory, the problem is
now similar to radiative decay chains from nuclear physics:

N[[](t) = exp [—TLO’sect] (419)

Nyg(t) = Osec * (6XP [—1(Tsec + Taec)t] — €Xp [—N0seqt]) (4.20)

Oseq — Odec — Osec

In order to test the accuracy of the summation, the ionic column densities will
first be calculated analytically and then numerically. The analytic solution
of the He’* and He' column densities can be found by integrating over the
comet-Sun axis:

Crri(T) =2 - /0 = Nprr(t)dt (4.21)

It is found that in both cases the summation is within 0.5% of the analytic
solution so that it can be concluded that the routine is very accurate.

4.3 Model Results

4.3.1 Halley Model

In order to demonstrate the working of the model, comet Halley will be
used to fix the parameters of a standard cometary model. At the time of
the Giotto encounter (next section), Halley was approximately 1 A.U. from
the Sun and the comet had a gas production rate of @ = 10%°s~! of which
10% CO. The velocity of the solar wind ions as measured by the Giotto
probe was ca. 300 km/s [65]. Figure 4.5 shows the density for a Halley-
like comet along ionic trajectories with different impact parameters. Shown
are the distribution of molecules and atomic oxygen and the distribution of
hydrogen atoms. Comparing the lines at the bottom of the figure, it can be
seen that ions moving through the outer parts of the comet see an almost
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Figure 4.6: Calculated charge
state distribution for different
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constant distribution of mainly atomic hydrogen. Ions that move along a
trajectory with a small impact parameter quickly pass through the atomic
hydrogen zone and will encounter a rapidly increasing number of molecules.
The second program calculates the charge state distribution of the helium as
a function of the impact parameter. Resulting Helll and Hell populations
are shown in Figure 4.6. Only at small impact parameters, the density is
high enough to neutralize all helium ions; the Hell population can be seen to
rise and fall again (due to charge transfer to Hel). It can also be seen from
the figure that ionic trajectories with very large impact parameters only skim
the coma and almost all of the helium remains fully stripped.

The third step was then to calculate the source function, which is the prod-
uct of the charge state distribution and the density. It is shown in Figure
4.7 for the emission at both 30.4 and 58.4 nm. Notice that for ions flying
along trajectories near the cometary nucleus, the source function reaches a
maximum and then falls down rapidly because of the depletion of the popu-
lation involved. Once again, at larger distances from the nucleus much less
reactions take place and the source function is much less variable.

The final step is the numerical integration over the line of sight: the resulting
luminosity profile along the comet-Sun axis is shown in Figure 4.8. The
area under the graph determines the total (2D) luminosity; in this case,
the luminosities of the 30.4 and 58.4 nm emission would be 1.73 - 10! and
2.36 - 10%! respectively, so that the line emission ratio is 0.73.

4.3.2 Emission from Different Comets

In the previous sections, comet Halley was used to illustrate the charac-
teristics of the charge exchange model. The model contains a number of
parameters; some of them describe the solar wind, such as the composition,
charge state distribution and velocity. In this section the influence of the
comet’s characteristics to the helium line emission will be explored.

In the model, comets can be distinguished by three different free parameters:

e Heliocentric Distance D The distance to the Sun has a twofold effect
on the emission; the closer a comet comes to the Sun, the smaller the
scale lengths of the different cometary molecules will be as the flux of
solar UV photons increases with the square of the distance to the Sun.
At the same time, this quadratic relation also holds for the solar wind
flux. In the model, D is varied from 0.5 and 5 A.U.

¢ Gas production rate () The number of molecules sublimating from
the nuclear surface strongly depends on the heliocentric distance, but
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Figure 4.9: The contribution of the gas production rate @ (blue diamonds), the
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the line emission for different ionic velocities. The diagonals indicate different
line emission ratios and the parameter variability is shown for three different ionic
velocities. The black solid line indicates the velocity dependence of the line ratio
for Halley. Luminosity is given in photons cm 3 s~ 1.
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it also varies strongly amongst different comets. For comets within 3
A.U. of the Sun, the total gas production rate is typically of the order
10%% — 103571,

e Composition The exact composition is different for every comet. For
the model, it is only important to distinguish between collision part-
ners that support both single and double electron capture ('molecules’)
or just single electron capture (atomic H). The destruction of water
produces H; CO molecules have a much larger scale length so they can
reach the outer regions of the coma intact. In the model, the relative
abundance of CO in the coma is one of the free parameters (0-100%).

The contribution of each of these three parameters, compared to the contri-
bution of the solar wind velocity is summarized in Figure 4.9. The central
black line shows the effect of increasing the ionic velocity from 50 km/s to
1070 km/s. Over this velocity range, the luminosity of the 30.4 nm line
changes with six orders of magnitude while the luminosity of the neutral he-
lium line changes only with two orders of magnitude. The velocity line can
be seen to cross several of the diagonal lines, that indicate different line ratio
values. It can therefore be concluded that the line ratio is strongly dependent,
on the velocity and that this dependence mainly is an effect of the Hell 30.4
nm line.

Red and blue lines show the effect of changing the heliocentric distance or
the gas production rate, respectively. It can be seen that changing these
parameters mainly effects the absolute luminosity, but as these lines are
almost parallel to the diagonals it can also be seen that the line ratio is not
affected. With increasing gas production rate ), the density of the cometary
gas increases and hence the size of the interaction region of the solar wind
with the coma increases. However, both lines are affected similarly; they
both scale linearly with Q).

The effect of changing the distance to the Sun is more complex, as it con-
tained two components, the increasing solar wind flux but also the more
rapid destruction of molecules. The increase in the solar wind flux affects
both lines by the same amount. The molecular scale lengths have only a
small effect and change the line ratios slightly.

Finally, the effect of the composition (green lines) has a negligible effect
on the luminosities. However, increasing the CO abundance decreases the
line ratio almost along the velocity axis; it is suggested by the figure that
underestimating the long-lasting molecular content leads to only a small un-
derestimation of the velocity.

It can thus be concluded that the line ratio 30.4/58.4 nm is determined
mainly by the velocity of the helium ions with a small dependence on the
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Figure 4.10: Schematic view of Giotto’s path through comet Halley. The probe’s
trajectory is indicated by a blue arrow. Solar wind trajectories are indicated by
orange lines.

composition and that the luminosity of the emission is determined by @ and
D. Hence, the 2-D model is expected to work well for line emission ratios
but not for absolute luminosities. Currently, the model can be used to derive
velocities from line ratios.

4.4 Giotto Measurements

In March 1986, six spacecraft flew through comet Halley. The closest ap-
proach was made by the Giotto probe, which passed Halley’s nucleus at a
distance of 536 km. From observations by the Ion Mass Spectrometer on
board Giotto, the distribution of Helll and Hell along the satellite’s trajec-
tory is known.

In the original articles by Shelley et al. [66] and Fuselier et al. [19], an
attempt was made to interpret the observations by means of a model that
included only single electron capture by Helll. The percentage 'charge ex-
changed helium’, which is the ratio of number of Hell ions to the sum of both
Hell and Helll ions was used as a probe to determine the number of charge
exchange reactions in the coma. The predicted ionic concentrations how-
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ever were not in agreement with the observations as the predicted increase
of charge exchanged helium is much smaller than the observed increase.
These models included only one single electron capture by Helll. It was
already shown before that single electron capture from molecular targets
is not the only process that is relevant to the fractions of Helll and Hell.
Double- and sequential capture from both molecular and atomic targets will
probably have an important role in the charge state distribution.

In order to investigate the effect of the different electron capture processes
on the charge state distribution, one should bear in mind that the geometry
of the measurements done by Giotto is rather different from the geometry
used in the sections before. In the previous sections, ions were followed while
approaching the nucleus along the comet-Sun axis. The trajectory of Giotto
however has an angle of 73° with this axis. A global picture of the situation
is shown in Figure 4.10.

From the picture, it can be seen that solar wind ions have already travelled a
long way through the coma before they are picked up by Giotto. The number
of possible collision partners met by an ion at a certain distance r from the
nucleus is therefore much larger along the Giotto trajectory than the number
of particles along the comet-Sun axis. A goniometric approximation to this
problem is given in Appendix B.

The results of the model are shown in Figure 4.11. For comparison, the results
of the earlier model are also shown. The percentage charge exchanged helium
was calculated for a constant ionic velocity (0.5 keV /amu or 300 km/s) which
corresponds to the ionic velocity that was measured with Giotto by Goldstein
et al. [65]. The model does not take into account that the ions are decelerated
along their path.

Up to a distance of 2 - 105 km, both models accurately describe the charge
state distribution. This can be easily understood: the outer region of the
comet consists of mainly atomic hydrogen and its density is far too low to
allow for sequential capture. From the observations, a sudden jump in the
ratio occurs at 2-10° km which is due to a magnetic pile up boundary. Even
without the inclusion of detailed plasma physics, the model already predicts
a rapid increase of the percentage charge exchanged helium as the cometary
density increases rapidly in this region.

4.5 Helium Line Observations in Comets

For a small number of comets, FUV spectra are available from the EUVE
satellite, which was switched off early 2001. Helium line emission was ob-
served in the comets Hale-Bopp and Hyakutake. A summary of the observa-
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Figure 4.11: Percentage charge exchanged helium as a function of the distance of
the measurement probe to the nucleus. The model was calculated with a constant
velocity of 0.5 keV/amu. Red dots are the Giotto measurements from Shelley et
al. [66]; the blue line is for the cometary model by Fuselier et al. [19]

tions can be found in Table 4.1.

4.5.1 Hale-Bopp

Spectral observations of comet Hale-Bopp were done by Krasnopolsky et
al. [30]. Hale-Bopp was observed using EUVE from 14 to 19 September
1996 when it was still far away from the Sun (3 A.U.). At this distance,
CO makes up for an important part of the gas produced. The properties and
observations of Hale-Bopp are summarized in Table 4.1. In order to reproduce
the observation as accurate as possible, the line ratio was calculated for the
region within the given aperture of 2.5-10° km centered at the cometary
nucleus.

Two helium lines were observed: the Hel (1s2p-1s?) line at 58.4 nm and the
Hel (1s3p-1s?) line at 53.7 nm. For the 30.4 nm line by Hell (2p-1s), an 20
upper limit was determined. The ratio between the luminosity at 30.4 and
58.4 nm is < 0.58.
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Figure 4.12: Hale-Bopp, line emission ratio for different solar wind velocities. The
observed line emission ratio of 0.58 is indicated. The line is drawn to guide the
eye.

The results of the model for Hale-Bopp are shown in Figure 4.12. The line
emission ratio has been calculated for constant velocities between 50 and
1070 km/s. Assuming a constant velocity throughout the coma, a velocity
of ca. 220 km/s is found for the helium ions.

In the real comet, the velocity of the incoming ions will not be constant but
the ions will be decelerated. Looking again at Figure 4.12, it can be seen
that lowering the velocity pulls the ratio down. This implies that the velocity
derived from the model must be a minimum initial velocity.

Luminosity (photons s™1)

Comet Q(s7!) D(A.U) CO (%) 30.4nm 584nm 53.7nm
Hale-Bopp 6 -10% 3.07 30 <7-10% 1.2-10% 2.1-10%
Hyakutake 2-10% 1.07 5 7.3-10% < 10#

Table 4.1: Helium line emission in comets. Observational details and cometary
characteristics during the observations for Hale-Bopp (Krasnopolsky et al.
[30],Biver et al. [8]) and Hyakutake (Krasnopolsky et al. [31]).
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Unfortunately, the current model only predicts the luminosity from the plane
through the comet-Sun axis. It is therefore not possible to compare the
predicted luminosity with the observed luminosity. For the 2D situation, the
model predicts luminosities of 7.80-10'% photons s~! at 30.4 nm and 1.82-10%°
photons s~! at 58.4 nm.

Another interesting feature is the emission at 53.7 nm. The observed flux is
a blend of O" and Hel emission and it was estimated by Krasnopolsky 77
that 60% of the flux was due to oxygen. The rest of the flux was attributed
to the Hel (1s3p — 1s?) transition, Table 4.1.

In collisions between Hell and atomic hydrogen or molecules, the (2p) state
is the highest level populated. Although theory predicts capture into the (317)
states, experiments with Helll colliding on CO or Hy show no population of
the Hel (1s3p) state [46].

Although this is a rough observation, it is possible to reverse the argument,
estimating the cross section for double electron capture from a molecular
target required to produce the observed flux at 53.7 nm. From Figure 3.10,
the cross section for double electron capture into the (1s2p) state is more or
less constant at 0.5 - 107® cm?. From the ration between the luminosities,
a maximum for the cross section for state selective electron capture into the
(1s3p) state is then 2.1-10%/1.2-10% or 18% of the cross section for double
capture into the Hel(1s2p) state. This yields a cross section of 9 - 10718 ¢m?
at a velocity of approximately 0.25 keV /amu.

Looking again at the experiments, this small cross section explains the ab-
sence of emission at 53.7 nm in our experimental spectra. The number of
photons emitted at 53.7 nm is approximately 18% of the emission at 58.4
nm. This implies that the intensity of the 53.7 nm line is too low to be seen
in the spectra currently obtained in the experiments.

4.5.2 Hyakutake

Hyakutake was observed by Krasnopolsky et al. [31] using the EUVE obser-
vatory between March 21 and March 25 1996. During the observations, the
main difference with comet Halley was its lower gas production rate [31, 67].
The instrument aperture was 1-10% km, centered on the cometary nucleus.
The helium line at 30.4 nm was observed with a luminosity of 7.3 - 10%
photons s~!, much smaller than the upper limit observed in Hale-Bopp. No
line emission was detected at 58.4 nm and an 1o upper limit of 10?4 photons/s
was acquired from the spectrum given in the article.

The non-detection of the 58.4 nm suggests that the helium ions were initially
part of a fast solar wind stream, as is shown in Figure 4.13. From the figure,
it can be seen that in order to produce a luminosity at 30.4 nm that is three
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Figure 4.13: Hyakutake, line emission ratio for different solar wind velocities. The
observed line emission ratio of 7.0 is indicated. The line is drawn to guide the eye.

times higher than the luminosity at 58.4 nm, a velocity of 0.5 keV/amu is
already required. Following the argumentation for comet Hale-Bopp, the
velocity at 10° km from the nucleus (the size of the aperture) must be lower
than the initial velocity of the ions. This results in a line ratio of 7, which
corresponds to a velocity of 425 km/s.

4.6 Discussion

The first test of the model was the comparison with in situ measurements
by the Giotto probe of the charge state distribution inside comet Halley.
The predicted charge state distribution agreed well with the measurements,
although it should be taken into account that the complexity of the plasma
physics involved does not allow for a detailed comparison of the inner regions
of the comet.

A second test is the comparison with FUV observations. Recalling Table 4.1,
the detected He™ luminosity measured in Hyakutake is smaller by one order
of magnitude than the He' luminosity measured in Hale-Bopp. From the
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velocities. The parameters given in Table 4.1 are used; comet Halley (black dots),
Hale-Bopp (blue squares) and Hyakutake (red triangles). The lines are drawn to
guide the eye.

luminosity plot in Figure 4.14, this is not expected. The model predicts that
this is only possible if the ions interacting with Hyakutake were much slower
than the solar wind interacting with Hale-Bopp. This is contrary to the
expectation of a line ratio larger than one, suggested by the none detection
of the neutral helium line as this would lead to a luminosity higher than the
luminosity observed for Hale-Bopp.

In the same observations, Krasnopolsky also measured the soft X-Ray lumi-
nosity. For the photons with energies between 97 and 165 eV, the luminosities
of Hale-Bopp and Hyakutake were 8 +2-10%* and 14 0.2- 10%, respectively.
This confirms the results of the model: Hyakutake produces more X-Ray
photons than Hale-Bopp.

In the model, the comet was assumed to be optically thin so that all the
light produced contributes directly to the luminosity. This is true for X-Ray
photons, but not for EUV photons that can be absorbed by various molecular
dissociation and ionization processes. When the observational geometry is
taken into account, the lower observed FUV luminosity of Hyakutake can be



4.6. DISCUSSION 57

A

g SUn O sun Q
-

; ale-Bopp Hyakutake

observer

observer

L

Figure 4.15: Observational geometry. Hale-Bopp was observed almost up front;
Hyakutake was observed under a much larger angle.

understood.

The geometry was rather different for the two comets, see Figure 4.15. Hale-
Bopp was observed from with a phase angle of 19°; in the case of Hyakutake,
the phase angle was 50°. Photons observed under a large phase angle will
have to travel through regions with higher molecular densities than photons
observed with a small phase angle. Using the photo destruction data for water
by Huebner et al. [10], it can be estimated that the process of absorbtion
of a photon from one of the helium transitions by a water molecule has a
cross section of approximately ¢ = 10716 cm?. It can therefore be expected
that the dense region within the crescent shape has a significant effect on the
optical depth. This effect will be studied in more detail once the model can
be used to calculate absolute intensities.



28

CHAPTER 4. COLLISIONS IN THE COMA



Chapter 5

Cometary Charge Exchange
Spectra

The study of state selective electron capture by heavy ions has a rich history
at the KVT as the institute was the first to have an ECR ion source facility.
The work of several Ph.D. students over the last twenty years has yielded
a wealth of data regarding the velocity dependence of state selective charge
exchange in a large variety of collision systems [45, 57, 46].

The launch of the Chandra and XMM observatories made it possible to
obtain cometary X-Ray emission with a resolution high enough to identify
different spectral lines. It has already been shown how electron capture by
helium ions leads to emission in the ultraviolet regime. In this chapter, a
model is presented that predicts the X-Ray emission from charge exchange
by the heavier ions that are present in the solar wind.

Unlike the helium model, the cometary environment is left behind in the
heavy ion model. Similar work was done by both Kharchenko and Dalgarno
et al. [34, 35] and Schwadron and Cravens et al. [25] have made detailed
predictions of cometary X-Ray spectra. A dependence on the solar wind type
was introduced by means of the solar wind composition. Both use velocity
independent cross section data and statistical (n, ) distributions. The model
by Kharchenko and Dalgarno focusses at the atomic model, whereas the
model by Schwadron and Cravens uses simplified atomic physics.

In the model presented here, the dependency of state selective cross sections
on the projectile velocity is combined with compositional changes of the solar
wind as a function of velocity.

29
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Figure 5.1: Transition scheme of OVI with the most relevant transitions indicated.
The left part of the figure gives the branching ratios; the right part gives the
transition wavelengths in nm. Data taken from [68, 69].
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5.1 Electron Capture by Heavy Ions

In low energy collisions between multiply charged ions and neutral targets
single electron capture dominates in most systems over other possible pro-
cesses such as double electron capture or ionization. As was discussed for
helium before, SEC might leave the electron in an excited state. When the
ion relaxes, this leads to emission of one or more photons. In the case of
highly charged ions, these photons typically have energies in the Far UV or
X-Ray regime. This will be illustrated by the following example!:

O%* + Hy — O (nl) + Hf (5.1)

Collisions with O%* are very important in the context of comets and the solar
wind; O%* is the most abundant heavy ion in the solar wind. The capture of
an electron turns it into OVI, which has three electrons and therefore has a
lithium-like electron configuration with ground state (1s?2s). The transition
scheme of OVI is shown in Figure 5.1. From the transition scheme, it can
be seen that relaxation of excited states occurs in the Far Ultraviolet or soft
X-Ray regime?.

State selective cross sections for collisions between O%* and molecular hy-
drogen have been measured by Dijkkamp et al. [40] and Lubinski et al. [46].

!In an attempt to avoid confusion, the superscript notation Q7% is used for the initial
ions and the spectroscopic notation OVIII is used for reaction products
2X-Ray wavelengths are between 0.01-10 nm; UV wavelengths are between 10-400 nm

448
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The results of these experiments roughly confirm the predictions by the ex-
tended Over-the-Barrier model as capture mainly occurs in the (4[) states.
From the reaction window, it is to be expected that the (4f) state should be
the most popular state; this effect should even get stronger at low velocities.
The measurements show that this applies at 6 keV/amu, but that at low ve-
locities this is not the case because the (4s) and (4p) states are populated the
most. Although the Over-the-Barrier model is a good tool for understanding
electron capture processes, it cannot be used to reliably predict the ionic (nl)
distribution.

We will now go back to the solar wind and follow an O%" ion as it collides
with a molecule in the cometary coma. To investigate the role of the ionic
velocities, we will consider the two extremes of solar wind velocity and give
the ion an initial velocity of either ~ 200 km/s (slow wind) or ~ 1070 km/s
(fast wind) or equivalently 0.2 respectively 6.0 keV/amu. Lower velocities
that may be caused by deceleration in the coma are not considered here,
as only very limited experimental or theoretical data is available for those
velocities.

Table 5.1 gives the state selective cross sections measured at those velocities
and from these figures, the probability that an electron is captured in a
certain (nl) state is known. Suppose our oxygen ion is fast; it will probably
capture an electron in the (4f) state. In this case, the quantum mechanical
selection rule Al = £1 allows only one relaxation path to the ground state

(2s):
(4f) = (3d) + 52 nm — (2p) + 17.3 nm — (2s) + 103 nm (5.2)

Electron capture into the (4f) state thus leads to the emission of three pho-
tons, of which two are emitted within the wavelengths of our interest. If the
electrons were captured into the (4s) state, which is typical for slow wind,

Slow wind Fast wind
(nl) | o(em?) | % | o(em?) | %
4s | 1.32E-15 | 36 | 2.80E-16 | 11
4p | 1.50E-15 | 41 | 5.10E-16 | 20
4d | 3.09E-16 | 8 | 6.00E-16 | 24
4f | 5.29E-16 | 14 | 1.05E-15 | 42
5f - - | 6.00E-17 | 0.02

Table 5.1: tate selective cross sections for SEC by O%F colliding on Hy. Cross
sections for slow wind (0.25 keV/amu) are taken from Lubinski et al. [46], the
data for fast wind (6.0 keV/amu) is taken from Dijkkamp et al. [40]
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two cascades are possible:

(3p) +53.8 nm — (2s) + 15 nm

(4s) — { (5.3)

(2p) +13.2 nm — (2s) + 103 nm

Here, 41% of the decay occurs along the first track; 59% along the second one.
A third route through the relaxation scheme does exist; from the selection
rules, a transition from the (3p) to the (3s) state is allowed. This transition
however has a branching ratio of 0.002 and can therefore be neglected.

In both the slow and the fast solar wind, electrons will be captured in any
of the (4l) angular momentum states. Emission lines from the two cascades
in equation 5.2 and 5.3 will follow the presence of O%F in the solar wind,
regardless its velocity. The intensity of these lines however is coupled to the
velocity of the solar wind.

5.1.1 Multiple Electron Capture

Like helium, heavy ions can capture more than one electron from collisions
with molecular targets. However, dominance of double electron capture over
single electron capture is very rare.

Multiple electron capture is often followed by auto ionization or the emission
of an Auger electron. The electrons are captured in an energy level that
is generally lower than those resulting from SEC. Typically, multi electron
capture results in a significant contribution of the Ly-« line.

In the model presented here, multiple electron capture by heavy ions is not
included.

5.1.2 Singlet and Triplet Population

In the case of electron capture by O%*, the OVI ion will always end up in
the doublet spin state, because the ground state of O%* is 1Sy.

However, if we would consider electron capture by for example O7* (one
electron), the resulting OVII ion (two electrons) could end up either in the
singlet or in the triplet configuration. In the case of the solar wind, this
concerns electron capture by O™, N6+ and C5*.

It is often assumed that the distribution over singlet and triplet states after
single electron capture is statistical. AGORA measurements by Lubinski et
al. [46] suggest that this singlet to triplet ratio is velocity dependent. For
simplicity, the statistical ratio of 1:3 is assumed in this work.
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1s | 2s | 2p | 3s | 3p | 3d | 4s 4p 4d | 4f | 5s | 5p | 5d | 5f | 5g
Is | 0| O 0 0 0 0 0 0 0 010 0 0 0 0
2s | 0 |1 1 0 1 0 0 0.77 0 0|0 0 0 0 0
2p| 0 | O 0 1 0 1 10.59 0 0771 0] 0 0 0 0 0
3s | 0 | O 0 0 0 0 0 0.19 0 010 0 0 0 0
3p| 0 | O 0 0 0 0 | 041 0 023 0| O 0 0 0 0
3d | 0 | O 0 0 0 0 0 0.04 0 110 0 0 []064| O
4s | 0 | O 0 0 0 0 0 0 0 010 0 0 0 0
4p | 0 | O 0 0 0 0 0 0 0 010 0 0 0 0
4d | 0 | O 0 0 0 0 0 0 0 0|0 0 0 1036 | 0O
4f | 0 | O 0 0 0 0 0 0 0 010 0 0 0 0
5 | 0 | O 0 0 0 0 0 0 0 010 0 0 0 0
5p| 0 | O 0 0 0 0 0 0 0 010 0 0 0 0
5d | 0| O 0 0 0 0 0 0 0 010 0 0 0 0
5 | 0| O 0 0 0 0 0 0 0 010 0 0 0 0
52| 0 | O 0 0 0 0 0 0 0 0|0 0 0 0 0

Table 5.2: Transition matrix for OVI. Columns indicate initial state (nl); rows
give the final state after emission of one photon.

5.2 Model

The interaction of comets and the solar wind leads to distinct spectra by the
process of charge exchange, as was outlined in the previous chapter. The
intensity of the emitted light depends on the solar wind ion flux and on the
cometary density; the spectral distribution is determined by the composition
of the solar wind and by the state selective electron capture cross sections.
The state selective cross sections determine what lines are formed and what
their strengths will be. The resulting spectrum thus depends on the solar
wind velocity by means of its composition and by means of the velocity
dependent state selective cross sections.

In order to investigate the dependence of charge exchange spectra on the
solar wind velocity, a MatLab model was created that calculates emission
cross sections of the photons that are emitted when the ion cascades from its
excited state to the ground state. To do this, we will first introduce a matrix
notation for the transition scheme, which again is illustrated by the case of
electron capture by an O%T ion in Table 5.2.

For each of the transitions allowed by the quantum mechanical selection rules,
the branching ratio is indicated on a position Bﬁ in the transition matrix
B where i and f are the initial respectively the final state of the transition.
In exactly the same way, the transition wavelengths can be represented in a
matrix (Appendix C). Stable states are given the value of one; transitions
that are not allowed are indicated with a zero. It shall be shown that it is
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essential that the matrices are square matrices; the dimensions of the matrices
are determined by the highest state involved.

The state selective cross sections are represented by a column vector C. This
is done creating a column [o(1s),0(2s),...,0(nl)] for both the slow and the
fast solar wind. An example of this notation in the case of single electron
capture by slow O%* ions would be:

=[0,0,0,0,0,0,1.32 - 107'%,1.50 - 107°,3.09 - 1071¢,5.29 - 1076, 0,0, 0,0, 0]

The first figure is for capture into the (1s) state, the second for the (2s),

and so on. Note that for typographical reasons, the transpose of the column
vector is shown. The cross section vector C' is normalized by dividing each
of the state selective cross sections by the sum of all state selective cross
sections.
The initial state population is now given by the vector C. The matrix L con-
taining the number of emitted photons per transition is found by creating a
diagonal matrix E from the population vector C' and multiplying this matrix
with the transition matrix B:

P=BxE (5.4)

After the emission of one photon per ion, the new population C'is given by
the product of the transition matrix and the cross section matrix:

C'=BxC (5.5)

Allowing for another photon to be emitted, the population will be given by
B x (B x C) and so on until all ions have reached a stable state and no more
new photons are emitted. For each of those steps, the amount of emitted
photons L’ can be calculated by the product of the diagonal population
matrix B’ and the transition matrix B as was done in equation 5.4. The
normalized sum of all emission matrices L, over n steps yields the electron
capture spectrum by one specific ion; this spectrum is expressed in units of
emission cross sections by multiplication with the initial state selective cross
sections.

5.3 Results

X-Ray spectra for two different wind velocities were modelled: slow wind
(300 eV/amu or 240 km/s) and fast wind (6 keV/amu or 1075 km/s).
third possibility, where an initially fast wind is decelerated to slow velocities,
is also explored.
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In order to produce actual interaction spectra, some assumptions have to be
made about the comet and the solar wind. The velocity dependent abun-
dances of He, C, N and O in the solar wind are given in Table 2.3. O8%* and
N* were not included in the model because their abundances are too low;
ionic neon was not included because no experimental data was available to
the author. For each of the solar wind ions involved, state selective cross
sections for collisions with molecular hydrogen were used because for this
molecule, a lot of state selective cross sections are available. From chapter 3
it is not to be expected that this affects the results as most of the cometary
collision partners have similar ionization potentials. For simplicity, only one
electron capture process is allowed for, so that sequential capture is excluded
from the model. A more detailed overview of the ionic data used in the model
can be found in Appendix C.

Electron capture spectra are shown in Figures (5.2-5.5) by means of the
emission cross section, using a normalized proton flux. The number of emit-
ted photons per unit wavelength can therefore be found by multiplication
with both the solar wind flux and the cometary density. Figure (5.2) and
(5.4) show spectra with observational resolutions comparable to ROSAT
(AE > 25eV) and CHANDRA (AE = 10eV).

In both the slow and the fast spectrum, some distinct features are visible. The
first is strong emission in the 0-150 eV region. This region contains emission
lines of all ions that are included in the model. Most emission lines in this
region are due to the ’small steps’ through the transition scheme, typically
between states where the initial and final principle quantum number n > 3.
A very important feature is the presence of various forbidden lines by CV,
NVI and OVII (Table 5.3) . This can be understood in terms of the transition
schemes: most lines present in this spectral region are due to transitions from
the lowest excited states to the ground state. The transition scheme than
works as a bottleneck as all ions in the triplet state have to pass these low
lying transitions to reach the ground state.

The spectral intensity decreases strongly at photon energies above 600 eV.
There are only few ions that can produce emission at these wavelengths by
transitions directly to the ground state, for example OVII and OVIII but
also NelIX and MgXI, which have only low abundances.

Another interesting common property of the spectra is the gap between 150-
300 eV. Because the energies involved are low, it is to be expected that in real
cometary spectra this window is (partly) filled by emission by highly charged
ions with small abundances, that are not included in this model such as Ne,
Mg, Si and Fe ions.

In order to compare the role of state selective electron capture in cometary
X-Ray spectra, it is interesting to consider another spectrum which will be
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Figure 5.2: Slow solar wind spectrum for different observational resolutions. Red
1 eV; blue 10 eV; black dashed line 25 V.

Figure 5.3: Contribution of different ions to a slow spectrum with 1 eV resolution.
Blue: helium, yellow: CVI, orange: CV, red: OVII, cyan: OVI, green: NVI,
magenta: NV. The scaling of the axes is similar to the previous figure.
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Figure 5.4: Fast solar wind spectrum for different observational resolutions. Red
1 eV; blue 10 eV; black dashed line 25 V.

Figure 5.5: Contribution of different ions to a fast spectrum with 1 eV resolution.
Blue: helium, yellow: CVI, orange: CV, red: OVII, cyan: OVI, green: NVI,
magenta: NV. The scaling of the axes is similar to the previous figure.
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Ion  Transition A (nm) E (eV) 7 (ms)

CV 3§18 4.15 208 21.0
CV 3p_18 4.07 304 3.80-102
NVI 3519 2.95 419 3.90
NVI 3p .13 2.91 425  3.00-1073
OVII 3S-1S 2.21 560 0.96

OVII 3P-!S 2.18 568  3.00-1073

Table 5.3: Forbidden lines included in the spectral model. Lifetimes are indicated
by 7.

denoted as ’decelerated wind’. This wind was initially fast but by interaction
with the cometary gas it is decelerated. It therefore has the composition of
fast solar wind, while the cross sections used are for slow collisions.
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Figure 5.6: Comparison between slow (blue line), fast (red line) and decelerated
(dashed green line) wind models with an observational resolution of 10 eV.

A comparison between slow, fast and decelerated wind with the observational



5.4. COMPARISON WITH X-RAY OBSERVATIONS 69

Comet Instrument Date D (AU.) AAU) QY
C/1999 T1 CXO Jan. 8-14, 2001 1.26 1.37 10%
C/1999 T1 FUSE Feb. 3-4, 2001 1.43 1.29 5-10%8
C/1995 O1 BeppoSAX Sep. 10-11, 1996 3.13 2.87 ?

Table 5.4: Cometary observations used in this section. D is the comet’s helio-
centric distance, A is the comet’s geocentric distance and @ is the gas production
rate during the observations.

resolution that is currently available (10 eV) is shown in Figure 5.6. This
figure gives a clear insight in the separate velocity effects of cross sections
and composition:

- fast and decelerated wind have the same composition, but different
cross sections;

- slow and decelerated wind have different compositions but equal cross
sections.

At low energies, below 150 eV and around 300 eV, the slow and the decel-
erated spectra coincide. The much higher emission cross section of the fast
wind is therefore an effect of the velocity dependence of state selective cross
sections.

The inverse effect can be seen at energies around 650-750 eV where the fast
and the decelerated wind spectra are similar: here, the difference between
slow and fast wind is made by the different compositions used. For energies
in between, the differences between fast and slow wind spectra are caused by
a combination of the effects of both the cross sections and the compositional
changes.

It can therefore be concluded that in order to investigate the effect of state
selective cross sections on the cometary spectrum, the low energy end (< 180
eV) is best suited; in order to explore compositional effects, the high end of
the spectrum is best suited (> 650 eV).

5.4 Comparison with X-Ray Observations

In section 5.3, different calculated spectra were presented for different solar
wind velocities. In this section these spectra will be compared with obser-
vational spectra from different comets. X-Ray spectra are available for the
comets Hale-Bopp, Hyakutake, Linear S4 and McNaught-Hartley (and comet
Encke). The observations are summarized in Table 5.4.
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5.4.1 McNaught-Hartley

Comet McNaught-Hartley (C/1999 T1) was observed from January 8 to 14,
2001 by Krasnopolsky et al. [4] using the Chandra X-Ray telescope.

The deconvolved observations are shown in Figure 5.8. Because the observa-
tional data was not available, the spectrum was read out from the original
article and these points are indicated in the Figure. Several features are
visible, which allow for the identification of various groups of lines. The
cometary data can be approximated with the slow wind model, using five
times more O%* relative to carbon and nitrogen ions than was used in the
original model (Table 2.3).

There are some differences between the cometary data and the spectral
model. First, the models shows a gap around 200 eV, where a clear fea-
ture is visible in the cometary data. Krasnopolsky identified these lines as
MgVIII-X, SiIX and NeVIII emission.

Another important difference between model and data is the emission at
energies larger than 600 eV. The observed feature around 600-700 eV cannot
be explained by the OVII (1s3p — 1s?) emission predicted by the model. At
the same time, the model predicts strong emission from the OVII (1sdp—1s?)
and (1sbp — 1s?) states between 700-750 eV, a feature that is not present in
the observations. It is very tempting to relate the relatively high emission
at 666 eV and the relatively low emission around 725 eV. Apparently, the
(1s4p) and the (1s5p) are populated less than was to be expected from the
ionic data use; Kharchenko et al. [37] attributed the emission around 650
eV mainly to the strong OVIII (2p — 1s) transition; recall that O3t was not
included in this model. The transition from the 5p state to the ground state
was not included in the model by Kharchenko.

For an ion with charge 7 colliding on a typical cometary molecule, the Clas-
sical Over-the-Barrier predicted that electron capture is preferentially into
the n = 5 state (Table 3.1). Capture into the (1s5f) or (1s5g) states would
decrease the emission due to relaxation from the (1s4p). The net effect would
be an increased population of the (1s3p) and (1s2p) states, respectively and
the emission from relaxation from these states to the ground states would
thus be enhanced.

No measurements were available for the angular momentum distribution for
electron capture in slow collisions between O”* and molecular targets. There-
fore, two different distributions were assumed in the model. At higher ve-
locities, the charge state distribution from state selective electron captures
becomes statistical as was assumed in the fast solar wind model (Table C.1).
Calculations using the spectral model show that when a statistical distribu-
tion for the (5!) states is assumed, the relative intensity of the 720 eV feature
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Figure 5.7: Model for the X-Ray spectrum of McNaught-Hartley using a resolution
of 20 eV. For comparison, all data is normalized at 560 eV. A model for fast wind
(red line) is compared with observations (black dots) by Krasnopolsky et al. [4].
The numbers refer to specific emission features, see Table 5.8 below. The green
lines are only shown to indicate the position of the lines and are not to scale.

No. E (eV)  Species Transition

1 298-310 CV [1s2s-15%], [1s2p-15?], 1s2p-1s?

2 367 CVI 2p-1s

3 419-430 NVI [1s2s-15%], [1s2p-15?], 1s2p-1s?
435 CVI 3p-1s

4 459 CVI 4p-1s

) 497, 520 NVI 1s3p-1s?, 1sdp-1s?

6 560-573 OVII  [1s2s-1s?%], [1s2p-1s?], 1s2p-1s?

7 664 OVII  1s3p-1s?

8 699 OVII  1s4p-1s?

9 715 OVII 1s5p-1s?

Figure 5.8: Emission features in Figure 5.7. Forbidden lines are indicated between
brackets.
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can be reduced by at least a factor of two. This is still not enough to explain
the difference between the model and the observations. These results suggest
that capture into shells lower than n = 5 is the preferred channel for charge
exchange between O’ and molecules.

A third possibility would be the ratio between triplet and singlet capture
cross sections. Experiments by Lubinski with OVI and NV colliding on H,
suggest that this ratio is below the statistical value of 3 for the velocities
relevant here [46]. Assuming equal cross sections for capture into the triplet
and singlet states increases the relative contribution of the 700 eV feature
of the spectrum, which is due to singlet transitions only. The choice of the
value of the triplet/singlet ratio cannot account for the lack of emission due
to the (bp — 1s) transition.

5.4.2 Hale-Bopp

Comet C/1995 01 (Hale-Bopp) was observed by Owens et al. [70] using the X-
Ray spectrometer LECS on board BeppoSAX on September 10-11 1996 (four
days before it was observed with EUVE). At the time of the observations, it
was 3.13 A.U. from the Sun and 2.87 A.U. from the Earth.

Figure 5.9 shows a comparison between the spectrum and modelled spectra
for different solar wind velocities. The spectrum obtained has an energy
resolution of 32% at 0.28 keV and a gaussian curve was used to simulate
an observational resolution of 90 eV. The data and the different models are
normalized at 400 eV to allow for comparison.

Both the slow and the decelerated wind model match the observations rea-
sonably well. From the discussion for McNaught-Hartley, it was already
mentioned that the model does not account for emission between 150-250 eV
because of the exclusion of ions heavier than oxygen. Notice that the decel-
erated wind model would relatively overestimate the emission around 100 eV
if emission features were added in the gap. The other interesting feature is
the presence of emission at energies > 800 eV, which is related to emission
by O¥F. The fast solar wind contains a neglible fraction of this ion and the
feature is therefore characteristic for the slow wind.

The X-Ray radiation observed from comet Hale-Bopp is therefore most prob-
ably due to slow wind. The helium line ratio analysis of observations by
EUVE performed three dates later indicated a fast wind. An extensive com-
parison between the two observations has been made by Krasnopolsky et al.
[71]. In this article, it is also concluded that the observed differences in FUV
and X-Ray flux are the effect of highly variable solar wind conditions.
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Figure 5.9: Model for the X-Ray spectrum of Hale-Bopp using a resolution of 90
eV. For comparison, all data is normalized at 400 eV. Fast (red line), slow (blue)
and decelerated wind (dashed green line) models are compared with observations
(black dots) by Owens et al. [70]. The numbers refer to emission features, see
Table 5.10 below.

No. Energies Species
1 300-310 CV
2 350-370 CVI+ CV
3 420-440 CVI, NVI
4 450 CVI

5,6 500-520 NVI

7,8 >550 OVII

Figure 5.10: Emission features in Figure 5.9. More detailed information regarding
the transitions involved can be found in Appendix C
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Figure 5.11: Fast (red), slow (blue) and decelerated wind (dotted green) models
compared with observational spectra of Linear S4 (black dots, Lisse et al. [3]),
Encke (red triangles, Lisse et al. [29]) and Hyakutake (magenta squares, Lisse et
al. [1]). Error bars for Encke observations are similar to uncertainties in the other
observations.

5.4.3 Hyakutake, Linear S4 and Encke

Spectra of Hyakutake, Linear S4 and Encke are shown in Figure 5.11. As the
resolution of the different spectra is very low, it is of no use to extensively
compare them with the predicted spectra; what can be seen is that the
observations seem to agree well with the predicted model.

5.5 Discussion

The specific characteristics of the slow and fast solar wind allow for a clear
distinction between the cometary spectra resulting from the two types of
wind. The model shows that both the composition and the velocity de-
pendence of state selective electron capture play an important role in the
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resulting X-Ray spectrum.

The presence of lines in the high energy region (> 650eV’) of the spectrum is
a clear indicator of slow solar wind because ions that can emit in this region
have very low abundances in fast solar wind; classification of the wind type
is therefore relatively straightforward. A clear improvement of the model
would be the inclusion of the rest of the highly charged ions that can emit in
this high energy end of the spectrum such as O%" and highly charged neon.
At energies larger than 400 eV, the difference between slow and fast spectra
was shown to dependent more strongly on the composition than on the ve-
locity. Because various cascades can be used to produce similar transitions,
the spectra are not very sensitive to the original state the electron was cap-
tured in. However, in order to compare emission lines of different species it
is important to use accurate cross sections.

At lower energies, the emission comes from a large forest of lines and the
similarity between the model and the observation is therefore not surprising.
To describe this energy regime, both multiple- and sequential electron capture
should be included in the model - as was done for the helium ions from the
previous section. All these reactions will result in the emission of soft X-Ray
and/or FUV photons. Because so many lines are available, this energy regime
might be used to check the total intensity of a model with observations in
future work.

Concluding, in order to investigate the detailed properties of the solar wind
both the available spectra and the model are too crude. Because of the low
observational resolution, the models can be fitted to the spectra in various
ways. The high resolution spectra that will become available in the near
future will allow for more detailed study of the observations using computer
models as the one presented here. For such a model, it will be absolutely
necessary to include accurate state selective cross sections.

It should be remarked that in X-Ray spectrometry it is favourable to compare
the outcome of any model with an original spectrum rather than with a
deconvolved spectrum as was done here, because of the high complexity of
the instrument response functions of the X-Ray detectors. This procedure
was not followed here because the original spectral data was not available to
the author.
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Chapter 6

Conclusion and Outlook

In this thesis, the interaction between comet and the solar wind by means
of charge exchange is studied. The probability that one or more electrons
are captured by a highly charged ion is expressed by the cross section of
the process. It is important to distinguish between two different cross sec-
tions. First, the total cross section of the process, which includes all possible
electron capture processes. Second, the state selective cross section that
describes the probability of electron capture into one specific state.

With the experimental setup ’"AGORA’ at the KVI, the dependence of state
selective electron capture processes on the collisional velocity is measured
using the technique of Photon Emission Spectroscopy. Here, the light emitted
after a charge transfer reaction is collected in a FUV spectrometer. These
experiments have been performed for a large variety of projectiles and target
gases.

Of special interest are collisions between fully stripped helium and molecu-
lar targets because double electron capture becomes dominating over single
electron capture at velocities below ca. 1 keV/amu. These processes result
in two characteristic lines, at 58.4 nm and 30.4 nm respectively.

This experimental data was combined with a simple 2D model for the cometary
environment. For comet Halley, the distribution of He?* and He® was mod-
elled along the trajectory of Giotto, the probe that passed the comet in 1986.
It was shown that the charge state distribution in the outer regions of the
comet can be understood in terms of the simple model but that for the more
inner regions, a more detailed cometary model is required as plasma effects
become more important.

The model was also used to predict cometary FUV emission due to state
selective electron capture by helium. It was shown that the ratio between
the two helium lines depends almost solely on the velocity of the solar wind,
while the absolute intensity of the lines is a measure of the characteristics

7
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of the comet involved. Emission from both Hale-Bopp and Hyakutake was
analyzed with the model and solar wind velocities of 220 km/s (Hale-Bopp)
and 425 km/s (Hyakutake) were found.

The next step was to use the available state selective data to model the X-
Ray spectra available for various, different comets. The spectra produced
by the model showed a clear dependence on the solar wind velocity, both by
means of the composition and by means of the state selective cross sections.
It was concluded that currently, only limited conclusions can be drawn on the
composition of the solar wind because of both experimental and observational
uncertainties.

The next goal will be to extend the helium emission line to a 3D model, so
that absolute intensities can be calculated. This allows for investigating the
cometary environment,.

A challenge for future work is obviously the combination of the two mod-
els presented in this work. The best candidate to do this would be oxygen,
because first, it is the next most abundant element in the solar wind and
second, electron capture by highly charged oxygen has some very distinct
lines in the high end of the X-Ray spectrum. It would be very interesting
to follow a highly charged oxygen ion along its trajectory through the coma,
slowly being neutralized by subsequent charge exchange reactions. The pho-
tons emitted after these reactions will allow for a detailed probing of the
comet, as each reaction is a product of both the cometary environment and
the ionic velocity. To allow for such a thorough study of the interaction sys-
tem, collisions between all the oxygen charge states and molecules should be
explored in the laboratory, while the astronomers should work on detailed
maps of the spatial distributions of the oxygen emission.
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Appendix A

Helium Electron Capture Data
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Figure A.1: Total and state selective cross sections for Helll colliding on atomic
H. Experimental values: red circles: total cross sections, Nutt et al. [72]; reverse
red triangles: (2p) state selective cross sections by Hoekstra et al. [45]. Theoretical
predictions; green squares: total cross sections, red triangles: (2p) cross sections,
Van Hemert et al. [73]
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HELIUM ELECTRON CAPTURE DATA
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Figure A.2: Total and state selective cross sections for Hell colliding on atomic
H. Experimental values: green dots, total cross sections; red triangles, capture into
(1s2p). Both taken from an overview article by Errea et al. [74]. Theory: green
squares for total cross sections by Zygelman et al. [75].

v (keV/amu)

Collisions with CO

Collisions with H

He?* SEC | He?t DEC | Het SEQ | He?* SEC | He™ SEQ
0.01 0.90 25.00 5.00 2.00E-06 | 4.50E-03
0.05 1.60 10.10 6.00 0.03 0.30
0.12 3.20 9.00 6.50 0.30 0.35
0.25 5.00 6.00 7.20 0.32 0.37
0.30 5.00 5.50 7.50 0.32 0.40
0.50 5.00 5.30 7.50 2.50 0.50
1.00 6.00 5.00 7.50 5.00 0.50
3.00 8.00 4.00 8.20 10.50 0.80
5.00 10.20 3.00 8.50 12.00 1.50
6.00 10.50 3.00 9.00 15.00 1.50

Table A.1: Total cross section used in the models for capture by helium ions
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v (keV/amu)

Collisions with CO

Collisions with H

He?t SEC | He?t DEC | Het SEQ | He?* SEC | Het SEQ
0.01 0.00 0.50 0.15 1.00E-06 | 4.50E-03
0.05 0.00 0.50 0.12 0.02 0.31
0.12 0.00 0.50 0.20 0.15 0.35
0.25 0.20 0.50 0.19 0.16 0.37
0.30 0.40 0.50 0.25 0.16 0.40
0.50 0.90 0.50 0.27 0.50 0.60
1.00 3.00 0.50 0.25 1.70 0.60
3.00 8.00 0.50 0.32 6.80 0.80
5.00 10.50 0.50 0.35 9.00 1.00
6.00 10.50 0.50 0.35 10.00 1.00

Table A.2: State selective cross section used in the models for capture by helium

ions
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Appendix B

Giotto Geometry

In March 1986, comet Halley was probed by several small satellites. Giotto
was the name of the probe that came nearest to the cometary nucleus; it
passed the nucleus at 536 km.

Figure B.1 shows Giotto’s rendez-vous with comet Halley assuming symmetry
in both the horizontal and vertical direction. The angle o between the probe’s
trajectory and the comet-Sun axis was 73°. The minimum distance to the
nucleus is denoted by 3; the impact parameter of the ionic trajectory is given
by b.

The model calculates the charge state distribution along parallel ionic tra-

1 I 4
1 1 /
1
! | F
1 |/
solar wind 1 Vs
| 7|
| '
b 1 /7
1 1
) /AN
- T
Sun / I
/ I
1 1
C A
> —>
v 1
! 1

Figure B.1: Schematic drawing of the geometry of Giotto’s trajectory through
comet Halley. The probe’s trajectory is indicated by a blue arrow; a solar wind
tracjectory is indicated by an orange arrow.
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90 APPENDIX B. GIOTTO GEOMETRY

jectories with different impact parameters b. To compare the model with the
measurements, the charge state should be calculated for the positions where
these ionic trajectories cross with Giotto’s trajectory.

To do this, we first shift the Giotto trajectory over the comet-Sun axis so
that it runs through the origin. This shift is given by C:

c=_" (B.1)

tan o

Since the ion crossed the y-axis, it has travelled a distance A through the
coma before it crosses the shifted trajectory:

A= b
tan o

(B.2)

Subtraction of the shift yields the distance an ion has travelled (after crossing
the y-axis) through the coma before it is picked up by Giotto. What is left,
is to calculate Giotto’s distance to the nucleus, given by 7:

r2 =+ (A—C)? (B.3)

Using this relations, the model can be used to calculate the charge state
distribution along the trajectory of Giotto.



Appendix C

Ionic Data

In this appendix, all data and all assumptions used in the X-Ray spectral
model is summarized.

C.1 Helium

All helium ions in the solar wind are fully stripped. Both single- and double
electron capture is allowed. For the slow wind, state selective cross section
were taken from Lubinski et al. [46]. Fast SEC cross sections were taken
from Hoekstra et al. [45] and Shah et al. [76]; fast DEC cross sections were
taken from Shah et al. [49] and Lubinski et al. [46].

C.2 OVIII

Electron capture by OVIII can lead to both triplet and singlet OVII ions. It
was assumed that these processes show the same state selective behaviour,
but that capture into the triplet state has a cross section that is three times
as large as the cross section of capture into the singlet state. The "forbidden’
transitions *P to 'S and ®S to 'S were included in the branching matrix using
branching ratio’s from Lin et al. [77].

For slow collisions, no state selective cross sections were available. Using the
Over-the-Barrier model, it is to be expected that all capture occurs in the
n = b state (Table 3.1). For the angular momentum distribution, it was
assumed that all (5) states are equally populated. Total cross sections by
[78] were used.

There was also no state selective data available for fast OVIII. State selec-
tive cross sections were estimated using the total cross section by [78] and
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Transition E (eV) Slow (%) Fast (%) 2.7 keV/amu (%)

2p-1s 274 63.8 77.5 70
3p-1s 666 8.4 9.3 13
4p-1s 698 6.3 3.5 17
op-1s 713 16.9 9.6

Table C.1: Relative contributions for X-Ray emission from collisions of OVIII
with water. Slow and fast are the results of the two spectral models; in the last
column, the results of experiments performed by Greenwood et al. [79] are shown .
For the experiments, the value for (4p — 1s) also includes emission by the (5p — 1)
transition.

the assumption that electron capture by fast ions leads to a statistical dis-
tribution over the (5l) states, corrected for an underpopulation of the (5s)
state. Comparison of the results of the model with X-Ray measurements
done on collisions between OVIII and HyO by Greenwood et al. [79] confirm
the validity of this assumption, see Table C.1.

C.3 OVII

Slow state selective cross sections were taken from Lubinski et al. [46], data
for fast collisions from Dijkkamp et al. [40].

C4 NVII

Electron capture by NVII can lead to both triplet and singlet NVI ions.
The ratio 1:3 was again used for the cross sections and again, capture into
a singlet state yields the same (nl) distribution as capture into the triplet
state. The ’forbidden’ transitions 3P to 'S and 3S to 'S were included in the
branching matrix using branching ratio’s from Lin et al. [77].

Because no state selective data was available for slow NVII, the cross sections
for OVII by Lubinski et al. [46] were used instead. For fast NVII, state
selective cross sections by Dijkkamp et al. [40] were used.

C.5 NVI

Slow state selective cross sections were taken from Lubinski et al. [46], data
for fast collisions from Dijkkamp et al. [40].
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C.6 CVII

Because no state selective data was available for slow CVII, the cross sections
for OVII by Lubinski et al. [46] were used instead. For fast collisions, the
average of state selective cross sections of NVII and OVII was used et al.
[40].

C.7 CVI

Electron capture into the CV singlet and triplet state is allowed. Similar
(nl) distributions and statistically scaled cross sections were assumed. The
’forbidden’ transitions ®*P to 'S and 3S to 'S were included in the branching
matrix using branching ratio’s from Lin et al. [77]. Cross sections for slow
NVI were used as no state selective data was available. For fast collisions,
measurements by Suraud et al. [80] were used.
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Appendix D
X-Ray Line List

In the following tables, the transitions can be found that were used in the
model for the X-Ray spectra from Chapter 5. All data is taken from Wiese
et al [68] and Bashkin and Stoner [69].

95



96 APPENDIX D. X-RAY LINE LIST
Ion A (nm) | E (ev) | Transition Multiplet || Ion A (nm) | E (ev) | Transition Multiplet
OVII 1.7 715.3 | 1s? - 1s5p IS-Tp CVI 13.5 91.7 | 2p-4s TP-TS
OVII 1.8 696.5 | 1s2 - 1sdp 1g_1p CVI 13.5 91.7 | 2s-4p 1g-1p
OVII 1.9 664.4 | 1s - 1s3p 1g-1p CVI 13.5 91.7 | 2p-4d p-1D
OVII | 2.2 572.9 | 1s? - 1s2p 1g-1p NVI 13.7 90.6 | 1s2p-1s4d | 'P-1D
OVII | 2.2 567.7 | 1s - 1s2p 1g.3p oVl 15.0 82.5 | 1s?2s - 1s23p | 2S - 2P
OVII | 22 560.0 | 1s? - 1s2s 15-33 NVI 16.1 76.9 | 1s2s - 1s3p 35 - 3P
NVI 2.4 520.6 | 1s? - 1sdp Ig-1p NVI 16.1 76.8 | 1s2s - 1s3p g._1p
NVI 2.5 497.0 | 1s% - 1s3p s-1p OVI 17.3 71.5 | 1s?2p- 1s23d | 2P - 2D
CVI 2.7 458.5 | 1s - 4p 1g-1p NVI 17.4 71.1 | 1s2p - 1s3d 3P -3D
CVI 2.8 434.7 | 1s - 3p 1g-1p NVI 18.1 68.5 | 1s2p - 1s3s p.1g
NVI 2.9 429.9 | 1s% - 1s2p 1Ig_1p NVI 18.1 68.4 | 1s2p - 1s3s 3P - 38
NVI 2.9 425.3 | 1s% - 1s2p 15_3p CVI 18.2 68.0 | 2s-3p g._1p
NVI 3.0 419.5 | 1s% - 1s2s 15-33 CVI 18.2 67.9 | 2p-3d p-1D
CVI 3.4 366.8 | 1s- 2p 1g_1p CVI 18.2 679 | 2p-3s p.13
Ccv 3.5 353.9 | 1s? - 1s3p Ig_1p OVI 18.4 67.3 | 1s?2p- 1s23s | 2P - 2§
Ccv 4.0 307.3 | 1s? - 1s2p Ig_1p NVI 18.5 66.9 | 1s2p - 1s3d p-1D
CcV 4.1 304.1 | 1s? - 1s2p 15-3p NV 20.9 59.2 | 1s?2s - 1s23p | 2S - %P
CcV 4.1 208.4 | 1s? - 1s2s 15-33 CcV 22.7 54.5 | 1s® - 1s3p 1§ 3p
OVII | 8.2 151.1 | 1s2s - 1s5p 35 3p OVII | 24.6 50.3 | 1s3s - 1s5p 35 - 3p
OVII 8.6 143.9 | 1s2s - 1s5p §g_1p CcVv 24.7 50.0 | 1s2s - 1s3p 1s-1p
OVII | 8.6 143.7 | 1s2p-1s5d | ®P - °D NV 24.8 49.9 | 1s?2p- 1s%3d | 2P - 2D
OVII | 86 143.6 | 1s2p - 1s5s 3P - 38 CcV 24.9 49.8 | 1s2p-1s3d | 3P-3D
OVII | 8.7 142.2 | 1s2p - 1s5s 1p .18 OVII | 25.5 48.5 | 183s - 1s5p g.1p
OVII | 8.9 139.0 | 1s2p-1s5d | 'P-'D OVII | 25.5 48.5 | 1s3d-1s5p | 'D-'P
OVII | 9.1 135.9 | 1s2s - 1sdp 35-3Pp OVII | 25.5 48.5 | 1s3p-1s5d | ®P-3D
OVII | 9.1 135.9 | 1s2s - 1sdp Igip OVII | 25.6 48.3 | 1s3p - 1sbs 3p - 38
OVII | 9.6 128.7 | 1s2p-1s4d | 3P -°D CcV 26.0 476 | 1s2p - 1s3s 3p - 38
OVII 9.7 127.5 | 1s2p - 1sds 3p - 33 CcVv 26.0 47.6 | 1s2p - 1s3s p_-13
OVII 9.7 127.5 | 1s2p - 1s4s p-18 OVII | 26.1 47.4 | 1s3d - 1s5f 3D -3F
OVII | 10.0 | 1234 | 1s2p-1s4d | 'P-'D OVII | 26.2 47.3 | 1s3d - 1s5f D-1F
OVII | 11.4 | 108.3 | 1s3p-1s3d | ®P-°D OVII | 26.2 47.2 | 1s3p - 1sbs p-18
OVl 11.6 | 106.7 | 1s%2s - 1s24p | 2S- 2P OVII | 26.2 472 | 1s3d-1s5p | °D-°P
OVII | 12.0 | 102.8 | 1s2s - 1s3p 35 - 3P OVII | 26.3 471 | 1s3p-1s5d | 'P-'D
OVII | 12.0 102.8 | 1s2s - 1s3p 15-1D NV 26.6 46.5 | 1s?2p - 1s23s | 2P - %S
NVI 12.2 101.4 | 1s2s - 1sdp 33 3p (0% 26.7 46.3 | 1s2p-1s3d | 'P-'D
NVI 12.2 101.1 | 1s2s - 1s4p 1g-1p Hell 304 40.7 | 1s-2p 1§-1p
OVII | 12.8 96.3 | 1s2p - 1s3d p-18 OVII | 35.2 35.1 | 1s3s - 1sdp 1§-1p
OVII | 12.8 96.3 | 1s2p-1s3d | 3P -3D OVII | 35.2 35.1 | 1s3s - 1sdp 3§ - 3p
NVI 13.0 952 | 1s2p-1s4d | 3P -3D OVII | 37.0 33.5 | 1s3p-1s4d | 3P -3D
OVI 13.0 95.2 | 1s?2p - 1s%24d | 2P - 2D OVII | 38.2 32.4 | 1s3d - 1s4f D - °F
NVI 13.1 94.5 | 1s2p - 1sds 3p - 38 OVII | 38.3 32.3 | 1s3d - 1s4f D-1F
NVI 13.2 93.8 | 1s2p - 1sds lp .15 OVII | 384 32.3 | 1s3p - 1sds p-18
OVl 13.2 93.8 | 1s?2p - 1s24s | 2P - 2§ OVII | 384 32.3 | 1s3p - 1sds 3P - 38
OVII | 13.3 93.2 | 1s2p - 1s3s p_1p OVII | 38.7 319 | 1s3d-1s4p | 'D-'P
OVII | 13.3 93.2 | 1s2p - 1s3s 3P - 38 OVII | 38.7 319 | 1s3d-1s4p | 3D-3P

continued on the next page

Table D.1: Transitions included in the slow solar wind model
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Ion A (nm) | E (ev) | Transition Multiplet || Ion A (nm) | E (ev) | Transition Multiplet
OVII | 387 | 319 |1s3p-1sdd | P-'D | Hel 584 | 21.2 | 1s%-1s2p IS_1p
OVI 44.8 27.6 | 1s23s - 1s%4p | 2S-2P OVII | 77.5 16.0 | 1sds - 1s5p 35-3p
NVI 474 26.1 1s3s - 1sdp 35-3p ovil 79.7 15.5 1s4s - 1sbp 1s-1p
NVI 49.8 24.9 | 1s3s - 1sdp g_1p OVII | 80.1 15.5 | 1sd4p-1s5d | 3P - 3D
OVI 49.8 24.8 1s2 3p - 1s24d | 2P - 2D ovil 82.0 15.1 1s4f - 1s5d 3F-3D
NVI 50.1 24.7 | 1s3p - 1s4d P-1D ovIl 82.1 15.1 1s4d - 1sbp 'D-1p
NVI 50.1 24.7 | 1s3p - 1s4d 3P-3D ovIl 82.9 14.9 1s4f - 1s5d F-1D
NVI 50.9 24.3 | 1s3p - 1s4ds 3p - 38 OVII | 83.0 14.9 | 1sdp - 1s5s lp-1§
NVI 52.0 23.8 1s3d - 1s4f 3D -3F ovIl 83.0 14.9 1s4f - 1sbg IF-1G
OVI 52.0 23.8 1s23d - 1s24f | 2D - 2F ovIl 83.0 14.9 1s4f - 1sbg 3F - 1G
CVI | 520 | 238 |[3s-4p IS_1p || OVII| 83.0 | 149 | 1sdd-1s5f |3D-3F
CVI 52.1 23.8 3p-4d lp.1p ovIl 83.0 14.9 1s4d - 1s5f Ip-1f
CVI 52.1 23.8 3d - 4f Ip-1F ovIl 83.2 14.9 1s4p - 1s5d lp.1p
CVI 52.1 23.8 | 3p - 4s p-18 OVII | 83.3 14.9 | 1sdp - 1s5s 3D -39
CVI 52.1 23.8 3d - 4p D-1p OovII 83.9 14.8 1s4d - 1sbp 3D - 3P
NVI 52.5 23.6 | 1s3p - 1sds lp-13 OVI 103.4 12.0 | 1s?2s- 1s%2p | 2S - 2P
NVI | 529 | 234 |1s3d-1sdp |'D-'P | NV | 1239 | 100 | 1s?2s- 1s22p | 2S- 2P
NVI | 529 | 234 |1s3d-1sdp |3D-3P | OVII| 163.0 | 7.6 | 1s2s-1s2p |3S-3P
OVI 53.0 23.3 1s23d - 1s24p | 2D - 2P NVI 189.7 6.5 1s2s - 1s2p 35-3pP
OVI 53.6 23.1 1s23p - 1s24s | 2P - 2§ (A% 227.5 54 1s2s - 1s2p 35-3pP

Table D.2: Transitions included in the slow solar wind model
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Ion A (nm) | E (ev) | Transition Multiplet || Ion A (nm) | E (ev) | Transition Multiplet
OVII | 1.7 | 7153 | 1s2-1s bp IS-1p [ CVI | 135 | 917 | 2p-4s TP 1S
OVII | 18 | 6965 | 1s2 - 1s 4p is.1p | ovi | 135 | 917 |2s-4p 1g_1p
OVII 1.9 664.4 | 1s? - 1s 3p 1s-1p CVI 13.5 91.7 | 2p-4d p.1D
OVII 2.2 572.9 | 1s? - 1s 2p I5-1p NVI 13.7 90.6 1s 2p - 1s 4d p.1D
OVII 2.2 567.7 | 1s 1s- 1s 2p 15-3p OVI 15.0 82.5 1s2 2s- 152 3p | 28 - 2P
OVII | 2.2 560.0 | 1s 1s- 1s 2s 15-38 NVI 16.1 769 | 1s2s-1s3p 35 . 3p
NVI 2.4 520.6 | 1s? - 1s 4p 1s_1p NVI 16.1 76.8 1s 2s - 1s 3p g_1p
NVI | 25 | 497.0 | 1s% - 1s 3p 1S-1p | NV | 163 | 759 | 1s?2s-1s% 4p | 2S- %P
CVI | 27 | 4585 | 1s- 4p 15_1p | OvI | 173 | 715 | 182 2p-1s23d | 2P - 2D
CVI 2.8 434.7 | 1s-3p 15-1p (A% 17.3 71.4 1s 2s - 1s 4p 35-3p
NVI | 29 | 4209 | 1s?-1s2p 1S_1p ||NVI | 174 | 711 |1s2p-1s3d |3P-°D
NVI | 29 | 4253 |1s1s-1s2p |1S-%P || NVI | 181 | 685 |1s2p-1s3s |!P-1S
NVI | 30 | 4195 |1s1s-1s2s | 1S-3S || NVI | 181 | 684 |1s2p-1s3s |3P-3S
CvV 3.3 370.2 | 1s? - 1s 4p 15 3p CVI 18.2 68.0 2s - 3p Is-1p
CVI 3.4 366.8 | 1s-2p I5_1p CVI 18.2 67.9 2p - 3d p.1D
(A% 3.5 353.9 | 1s? - 1s 3p 1§5-3p CVI 18.2 67.9 2p - 3s p.1g
(oY% 4.0 307.3 | 1s2-1s2p 15-3p (0)%! 18.4 673 | 1s22p-1s23s | 2P - 28
cv 41 | 3041 | 182 - 1s 2p 15-3p | NVI | 185 | 669 |1s2p-1s3d |'P-!D
CvV 4.1 298.4 | 1s? - 1s 2s 5. 33 NV 18.6 66.5 | 1s2 2p- 1s%24d | 2P - 2D
OVII| 82 | 151.1 |1s2s-1s5p |3S-3P || CV 186 | 664 | 1s2s-1s4p |!S-1P
OVII 8.6 143.9 | 1s 2s - 1s 5p 15-1p (A% 18.7 66.3 1s 2p - 1s 4d 3p.3D
OVII | 86 | 1437 |1s2p-1s5d |3P-3D | CV | 189 | 654 | 1s2p-1s4s | 3P -39
OVII | 86 | 1436 |1s2p-1s5s |3P-3S | CV | 189 | 654 |1s2p-1s4s |'P-1S
OVII | 87 | 1422 |1s2p-1s5s |'P-'S | CV | 189 | 654 |1s2p-1s4d |'P-1D
OVII 8.9 139.0 | 1s 2p - 1s 5d p-1D NV 19.0 65.1 1s2 2p - 1s%2 4s | 2P - 28
OVII 9.1 135.9 | 1s 2s - 1s 4p 35-3p NV 20.9 59.2 1s2 2s- 1s2 3p | 2S - 2P
OVII 9.1 135.9 | 1s 2s- 1s 4p 1g_1p CVv 22.7 54.5 | 1s2s-1s 3p 35-3p
OVII| 96 | 1287 |1s2p-1s4d |%P-3D || OVII| 246 | 50.3 | 1s3s-1s5p | 3S-°P
OVII 9.7 127.5 | 1s 2p - 1s 4s 3p-38 CcVv 24.7 50.0 | 1s2s-1s3p 5_1p
ovil 9.7 1275 | 1s 2p - 1s 4s p-1s NV 24.8 49.9 | 1s22p-1s23d | 2P - 2D
OVII 10.0 1234 | 1s2p - 1s4d p-1D CvV 24.9 49.8 1s 2p - 1s 3d 3p-3D
OVII 114 108.3 | 1s3p - 1s3d 3p-3D OVII 25.5 48.5 1s 3s - 1s 5p Is-1p
OVI 11.6 106.7 | 1s2 2s- 1s24p | 2S-2P OVII 25.5 48.5 1s 3d - 1s 5p Ip-1p
OVII 12.0 102.8 | 1s 2s - 1s 3p 35-3p OVII 25.5 48.5 1s 3p - 1s 5d 3p-3D
OVII 12.0 102.8 | 1s 2s - 1s 3p 1s-1p OVII 25.6 48.3 1s 3p - 1s 5s 3p - 33
NVI 12.2 101.4 | 1s 2s- 1s 4p 35-3p Hell 25.6 48.3 1s - 3p 15-19
NVI 12.2 101.1 | 1s 2s - 1s 4p 15_1p (A% 26.0 47.6 1s 2p - 1s 3s 3p - 33
OVII| 128 | 963 |1s2p-1s3d |'P-!D || CV | 260 | 476 |1s2p-1s3s |!P-1S
OVII | 128 | 963 |1s2p-1s3d |®P-3D || OVII| 261 | 474 | 1s3d-1s5f |3D-3F
NVI | 130 | 952 |1s2p-1s4d |3P-3D | OVII| 262 | 473 | 1s3d-1s5f |!D-IF
OVI 13.0 95.2 | 1s?22p-1s24d | 2P - 2D OVII | 26.2 472 | 1s 3p - 1s 5s p_1§
NVI 13.1 94.5 | 1s2p - 1s 4s 3p - 38 OVII | 26.2 472 | 1s3d-1s5p 3D -3P
NVI 13.2 93.8 | 1s2p - 1s 4s p-1§ OVII | 26.3 471 | 1s3p-1s5d p-1D
OVI 13.2 93.8 | 1s?2p-1s?4s | 2P -2S NV 26.6 46.5 | 1s?2p-1s23s | 2P - 28
OVII 13.3 93.2 1s 2p - 1s 3s lp-13 Ccv 26.7 46.3 1s 2p - 1s 3d 1p.1D
OVII | 13.3 93.2 | 1s2p-1s3s 3p - 38 Hell 304 40.7 | 1s-2p 15-1p

continued on the next page

Table D.3: Transitions included in the fast solar wind model
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Ton A (nm) | E (ev) | Transition Multiplet || Ton A (nm) | E (ev) | Transition Multiplet
OovIl 35.2 35.1 1s3s - 1sdp Ig_1p CvV 67.2 18.4 1s3s - 1sdp 35 -3Pp
OVII | 35.2 35.1 | 1s3s - 1sdp 35 -3p Ccv 67.2 18.4 | 1s3s - 1sdp 15-1p
OVI | 355 | 349 |1s23d-1s>5f | 2D-2F || NV | 714 | 17.3 | 1s? 3p- 1s%4d | 2P - 2D
OovII 37.0 33.5 1s3p - 1s4d 3p-3D (A% T1.7 17.2 1s3p - 1s4d 3p-3D
OVII 38.2 324 1s3d - 1s4f 3D -3F (A% 74.7 16.6 1s3d - 1s4f ID-1F
OVII 38.3 32.3 1s3d - 1s4f ID-1F NV 74.8 16.5 1s2 3d - 1s24f | 2D - 2F
OVII | 38.4 32.3 | 1s3p - 1s4ds p_19 CVv 74.9 16.5 | 1s3d - 1s4f 3D - 3F
OVII | 38.4 32.3 | 1s3p - 1s4s 3P -38 Ccv 75.7 16.3 | 1s3p - 1sds 3p-38
OVII | 387 | 319 [1s3d-1s4p |'D-'P | CV | 762 | 162 |1s3p-1s4d |'P-1D
OVII 38.7 31.9 1s3d - 1sdp 3Sp-3p CvV 76.3 16.2 1s3d - 1s4p 3D - 3p
OVII 38.7 31.9 1s3p - 1s4d p-1D NV 76.5 16.2 1s23d - 1s?4p | 2D - 2P
OVI 44.8 27.6 | 1s23s- 1s?4p | 2S- 2P OVII | 775 16.0 | 1sds - 1s5p 35 -3P
NVI 47.4 26.1 1s3s - 1sdp 35.3p NV 77.8 15.9 1s23p - 1s%4s 2p .29
NVI 49.8 24.9 1s3s - 1sdp 15-1p OVII 79.7 15.5 1s4s - 1sbp 5. 1p
OVI | 498 | 248 | 1s23p-1s%4d | 2P-2D | OVII | 80.1 | 155 | 1sdp-1s5d | 3P - 3D
NVI 50.1 24.7 1s3p - 1s4d p-1D OVII 82.0 15.1 1s4f - 1s5d 3F-3D
NVI 50.1 24.7 1s3p - 1s4d 3p-3D OVII 82.1 15.1 1s4d - 1sbp Ip-1p
NVI | 509 | 243 |1s3p-1sds | 3P-3S || OVII | 82.9 | 14.9 | 1s4f- 1s5d I _1Dp
NVI | 520 | 238 |1s3d-1s4f |3D-S3F || OVII| 83.0 | 149 | 1sdp-1s5s | 'P-18
OVI | 52.0 | 238 | 1s23d-1s%4f | 2D-2F || OVII | 83.0 | 14.9 | 1s4f- 1ssg Ip . 1@
CVI 52.0 23.8 | 3s-4p Ig_1p OVII 83.0 14.9 1s4f - 1sbg 3F - 3G
CVI 52.1 23.8 | 3p-4d p-1D OVII 83.0 14.9 1s4d - 1s5f 3F - 3F
CVI 52.1 23.8 3d - 4f Ip-1f OVII 83.0 14.9 1s4d - 1s5f Ip-1f
CVI | 521 | 238 |3p-4s ip_1s | ovil| 832 | 149 |1sdp-1s5d | 'P-1D
CVI | 521 | 238 |3d-4p ID-1P | OVII| 833 | 149 |1sdp-1sss | 3P-3S
NVI 52.5 23.6 1s3p - 1s4s p-18 OvIl 83.9 14.8 1s4d - 1s5p 3D - 3p
NVI 52.9 23.4 | 1s3d - 1sdp IDp-1'p OVI | 1034 12.0 | 1s?2s - 1s22p | 2S-2P
NVI 52.9 23.4 1s3d - 1sdp 3Sp-3p OVI 112.2 11.0 1s24d - 1s25f 2D - 2F
OVI | 530 | 233 |1s23d-1%4p | 2D-2P || NV | 1239 | 100 | 18>2s-1s22p | 2S-2P
ovI 53.6 23.1 | 1s23p - 1s%4s | 2P - 28 OVII | 163.0 7.6 | 1s2s- 1s2p 35-3p
Hel 58.4 21.2 | 1s2 - 1s2p 1g-1p NVI | 189.7 6.5 | 1s2s- 1s2p 35 -3p
NV 62.9 19.7 1s23s - 1s24p | 28 - 2P (A% 227.5 5.4 1s2s - 1s2p 35-3p
Ccv 65.5 18.9 | 1s3p - 1sds p-18 OVII | 593.5 2.1 1s3s - 1s3p 35 -3P
CvV | 670 | 185 |1s3d-1sdp | 'D-1'P

Table D.4: Transitions included in the fast solar wind model
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