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8
Charge Exchange
Emission Model

Several models are currently available to simulate cometary charge exchange emission.
These models can be roughly qualified as either macroscopic, simulating the magneto-

hydrodynamical interaction (Haberli et al., 1997; Wegmann et al., 1998, 2004) or micro-
scopic, simulating the X-ray spectrum of comets by following the relaxation of the solar
wind ions (Schwadron and Cravens, 2000; Kharchenko and Dalgarno, 2000, 2001; Beiers-
dorfer, 2003; Bodewits et al., 2004). From these models, and from recent observations with
Chandra it has become clear that cometary high-energy emission depends upon certain
properties of both the comet (gas production rate, composition, distance to the Sun) and
the solar wind (speed, composition). We will briefly describe our model here and show
how EUV observations of comets can be linked to cometary and solar wind properties.

Comets are generally considered cold, dusty snowballs from which volatile gases start
to sublimate as they approach the Sun. When a comet enters the inner parts of the solar
system, it will heat up so that different species can sublimate from the nucleus. These
gases stream away from the nucleus until they are dissociated or ionized by solar radiation.
The lifetime in the solar radiation field varies greatly amongst species typical for cometary
atmospheres (Huebner et al., 1992). The dissociation and ionization scale lengths depend
on the distance to the Sun. Generally, water molecules are confined to the inner regions
of the coma, whereas the outer regions are populated by atomic dissociation products H
and O and molecules that are more stable in sun light, such as CO.

We will assume that a comet with a production rate Q has a spherically expanding
neutral coma. The coma interacts with solar wind ions, penetrating from the sunward side
following straight line trajectories. The charge exchange processes between solar wind
ions and coma neutrals are explicitly followed both in the change of the ionization state of
the solar wind ions and in the relaxation cascade of the excited ions.
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70 Charge Exchange Emission Model

8.1 Atmosphere Model

The density distribution of different cometary species and their dissociation products is
calculated with a standard Haser model (Haser, 1957; Festou, 1981). The comet’s dis-
tance to the Sun determines the velocity of the out flowing molecules and their photo-
destruction and photo-ionization rates (Huebner et al., 1992). The spatial extent and el-
emental distribution of the cometary neutral cloud is therefore primarily determined by
the solar radiation field. Water and hydroxyl molecules have very short lifetimes compared
with CO, H and O so that the inner regions of the coma consist mainly of water vapor, while
the outer regions are populated with water dissociation products and molecules which are
more stable sun light. This is illustrated in Fig. 8.1, which shows the neutral density pro-
files for the comets Halley at 1 AU (Q= 7×1029 molecules/s of which 5% CO – (Goldstein
et al., 1987; Fuselier et al., 1991)) and Hale-Bopp at 3 AU (Q= 6×1029 molecules/s of which
30% CO and 10% CO2 – (Biver et al., 1997)). In both cases, the inner regions of the come-
tary gas cloud are dominated by molecules, in particular H2O, while the regions outside
105 km from the nucleus are dominated by atomic H and O. Hale-Bopp was a carbon-rich
comet and has a large CO abundance throughout its coma. Halley was carbon-poor and
much closer to the Sun. The outer regions of its coma can be seen to be dominated by the
atomic products of water dissociation.

8.2 Interaction Model

The second step in the model is to track the evolution of the charge state distribution (CSD)
of the ions along their trajectories. We assume that the ions follow straight line trajectories,
parallel to the Sun-comet axis. Because of the cylindrical symmetry of the system only the
distance traveled through the coma (s) and the distance to the Sun-comet axis (b) need to
be considered. The charge state distribution of the helium ions is given by the following
differential equations, where N q+ is the flux of a particular charge state and ni and σi

denote the number density and cross section of each atmospheric species:

d N 2+(s,b)

d s
=−N 2+(s,b)

∑
i

ni (s,b)×

(σsec,i +σbdc,i ) (8.1)

d N 1+(s,b)

d s
=N 2+(s,b)

∑
i

ni (s,b)σsec,i

−N 1+(s,b)
∑

i
ni (s,b)σseq,i (8.2)

d N 0+(s,b)

d s
=N 2+(s,b)

∑
i

ni (s,b)σb2c,i

+N 1+(s,b)
∑

i
ni (s,b)σseq,i (8.3)

When the solar wind first interacts with a cometary atmosphere, it is both decelerated and
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Figure 8.1: Neutral density distribution as a function of the distance from the cometary nucleus for
comets Halley (top) and Hale-Bopp (bottom), at heliocentric distances of 1.0 and 3.1 AU, respec-
tively.
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Figure 8.2: Helium charge state distribution along the comet-Sun axis for comet Halley.

heated in the bow shock. This bow shock does not affect the ionic charge state distribu-
tion. Wegmann et al. (2004) derived a rule of thumb based on mass loading length scales,
that can be used to estimate the stand-off distance Rbs of the bow shock:

Rbs ≥ (γ2 −1)
αmC Q

4πwF (∞)
(8.4)

where γ is the adiabatic index (γ= 5/3), F (∞) is the initial solar wind proton flux, Q is the
comet’s mass loss rate, w is the velocity of the out flowing gas, mC is the average mass of a
cometary ion and α is the average ionization rate Schmidt and Wegmann (1982).

After the bow shock, the drift velocity of the solar wind velocity is given as:

vd = 0.25vd (∞) (8.5)

The kinetic energy released by decelerating the wind is converted into thermal energy. The
most probable velocity of the corresponding Maxwellian distribution is given by:

vth =
√

v2
th(∞)+ 9

16
v2

d (∞) (8.6)

Deep within the coma, the solar wind finally cools down as the hot wind ions, neutralized
by charge exchange, are replaced by cooler cometary ions. For simplicity however, we
shall assume that the wind keeps a constant velocity and temperature after crossing the
bow shock.
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Initially, all solar wind helium is ionized. Using our laboratory charge exchange cross
sections, we can now solve Eq. 8.3 to find the charge state distribution. Fig. 8.2 shows the
charge state distribution along the comet-Sun axis for comet Halley for a wind with an
initial velocity of 370 km/s. The helium ions clearly penetrate deep into the coma. Most
of the charge exchange reactions take place between 105 − 103 km from the nucleus. A
population of He+ can be seen to build up around 104 km, a feature that was also observed
in the Giotto mission through comet Halley’s coma (Goldstein et al., 1987; Fuselier et al.,
1991; Bodewits et al., 2004).

Once the charge state distribution in the coma is known, the emission coefficients j
(in units of cm−3s−1ster−1) for line emission at 30.4 and 58.4 nm are found by introducing
line emission data:

j304(s,b) = 1

4π
N 2+(s,b)

∑
i

ni (s,b)σem,i (304) (8.7)

j584(s,b) = 1

4π
N 2+(s,b)

∑
i

ni (s,b)σem,i (584)

+ 1

4π
N 1+(s,b)

∑
i

ni (s,b)σem,i (seq,584)
(8.8)

where the cross sections are Maxwellian averaged emission cross sections σem(vd , vth).
Temperatures in the solar wind are around 105 K, which for He2+ ions corresponds to a
velocity of 50 km/s. This velocity is relatively small compared to the drift velocity of the
solar wind (200 – 700 km/s). However when interacting with cometary atmospheres, the
wind is both decelerated and heated in a bow shock. Because the heating is significant and
the drift velocity is strongly reduced, the full velocity distribution needs to be considered.
The Maxwellian averaged cross section can be found by applying the following relations:

<σ>= <σv>
<v> (8.9)

where

<σv>= 2π
∫∞

0

∫π

0
σ(v)v3 f (v,θ)dv sinθdθ

and

f (v,θ) =
( m

2πkT

) 3
2

exp
[
− m

2kT
(v2

d + v2 −2vd v cosθ)
]

To illustrate the effect of a broad Maxwellian distribution on the cross sections, figure 8.3
shows Maxwellian averaged cross sections for different temperatures as a function of drift
velocity. For low drift velocities (≤400 km/s) effects of the Maxwellian velocity distribution
become of importance for temperatures above 106 K. At higher drift velocities the effects
are marginal.

A 3D integration assuming cylindrical symmetry around the comet-Sun axis finally
yields the absolute intensity of the emission lines. Effects due to the observational ge-
ometry (i.e. field of view and phase angle) are included at this step in the model.
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Figure 8.3: Drift velocity dependence of maxwellian averaged total one electron capture cross sec-

tions of He2+ on H2O. The velocities are equivalent to temperatures of 1.6×108 K, 1.6×106 K and
4×105 K, respectively.

8.3 Heavy Ions

8.3.1 Atomic Structure of He-like Ions

Electron capture by highly charged ions populates highly excited states, which subse-
quently decay to the ground state. These cascading pathways follow ionic branching ratio
statistics. Because decay schemes work as a funnel, the lowest transitions (n = 2 → 1) are
the strongest emission lines in CXE spectra. For helium-like ions, these are the forbidden
line (z: 1s2 1S0–1s2s 3S1), the intercombination lines (y, x: 1s2 1S0–1s2p 3P1,2), and the
resonance line (w: 1s2 1S0–1s2p 1P1), see Fig. 8.4.

The apparent branching ratio, Beff , for the intercombination transitions is determined
by weighting branching ratios (B j ) derived from theoretical transition rates (Porquet and
Dubau, 2000; Porquet et al., 2001) by an assumed statistical population of the triplet P-
term:

Beff =
2∑

j=0

(2 j +1)

(2L+1)(2S +1)
·B j (8.10)

The resulting effective branching ratios are given in Table 8.1. These ratios can only be
observed at conditions where the metastable state is not destroyed (e.g. by UV flux or
collisions) before it decays. In contrast to many other astrophysical X-ray sources, this
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Figure 8.4: Part of the decay scheme of a helium-like ion. The 1S0 decays to the ground state via
two-photon processes (not indicated).

Table 8.1: Apparent effective branching ratios (Beff ) for the relaxation of the 23P-state of He-like
carbon, nitrogen, oxygen and neon.

transition CV NVI OVII NeIX

1s2 (1S0)–1s2p (3P1,2) 0.11 0.22 0.30 0.34
1s2s (3S1)–1s2p (3P0,1,2) 0.89 0.78 0.70 0.66

condition is fulfilled in cometary atmospheres, making the forbidden lines strong markers
of CXE emission.

8.3.2 Emission Cross Sections

To obtain line emission cross sections we start with an initial state population based on
state selective electron capture cross sections and then track the relaxation pathways de-
fined by the ion’s branching ratios.

Electron capture reactions can be strongly dependent on target effects. An important
difference between reactions with atomic hydrogen and the other species is the presence
of multiple electrons, hence allowing for multiple (mostly double) electron transfer. It
has been demonstrated both experimentally and theoretically that double electron cap-
ture can be an important reaction channel in multi-electron targets and that after auto-
ionization to an excited state it may contribute to the X-ray emission (Ali et al., 2005; Hoek-
stra et al., 1989; Beiersdorfer et al., 2003; Otranto et al., 2006; Bodewits et al., 2006). Unfor-
tunately, experimental data on reactions with species typical for cometary atmospheres,
such as H2O, atomic O and CO are at best scarcely available. Because the first ioniza-
tion potentials of these species are all close to that of atomic H, using theoretical state
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selective one electron capture cross sections for bare ions charge exchanging with atomic
hydrogen from theory is a reasonable approach, which is also confirmed by experimental
studies (Greenwood et al., 2000, 2001; Bodewits et al., 2006). Here, we will use the working
hypothesis that effective one electron cross sections for multi-electron targets present in
cometary atmospheres are at least roughly comparable to cross sections for one electron
capture from H. Based on this hypothesis, we will use our comet-wind interaction model
to evaluate the contribution of the different species.

For our calculations, we use a compilation of theoretical state selective, velocity de-
pendent cross sections for collisions with atomic hydrogen (Errea et al., 2004; Fritsch and
Lin, 1984; Green et al., 1982; Shipsey et al., 1983). We furthermore assume that capture by
H-like ions leads to a statistical triplet to singlet ratio of 3:1, based on measurements by
Suraud et al. (1991) and Bliek et al. (1998). We will first focus on the strongest emission
features, which are the n = 2 → 1 transitions, i.e. the Ly-α transition (H-like ions) or the
forbidden, resonance and intercombination lines (He-like ions).

In Fig. 8.5, the emission cross sections of the Ly-α or the sum of the emission cross sec-
tions of the forbidden, resonance and intercombination lines of different ions (C, N, O) are
shown as a function of collision velocity, for one electron capture reactions with atomic hy-
drogen. This figure sets the stage for solar wind velocity induced effects in cometary X-ray
spectra. Most important is the effect of the velocity on the two carbon emission features;
their prime emission features increase by a factor of almost two when going from typi-
cal ‘slow’ to typical ‘fast’ solar wind velocities. The OVIII Ly-α emission cross section can
be seen to drop steeply below approximately 300 km s−1. The NVI Kα displays a similar,
though somewhat less strong behavior.

The relative intensity of the emission lines (per species) is governed by the state se-
lective electron capture cross sections of the charge exchange reaction and the branching
ratios of the resulting ion. A measure of these intensities is the hardness ratio (Beiersdor-
fer et al., 2001), which is defined as the ratio between the emission cross sections of the
higher order terms of the Lyman-series and the Ly-α (or between the higher order K-series
and the Kα in case of He-like ions): ∑∞

n>2σem(Ly−n)

σem(Ly−α)
(8.11)

For electron capture by H-like ions, we will use the ratio between the sum of the reso-
nance, intercombination and forbidden emission lines and the rest of the K-series as the
hardness ratio. Fig. 8.5 shows the hardness ratios of CXE from abundant solar wind ions.
The figure shows that most hardness ratios are constant at typical solar wind velocities
(above 300 km s−1) but it also clearly demonstrates the suggestion made by Beiersdorfer
et al. (2001) that hardness ratios are good candidates for studies of velocimetry deep within
the coma when the solar wind has slowed down by mass loading.
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Figure 8.5: Upper panel: Velocity dependence of Ly-α or the sum of the forbid-
den/resonance/intercombination emission cross sections of different solar wind ions: OVIII

(dashed, grey line), OVII (solid, black line), NVII (dotted, black line), NVI (solid, grey line), CVI

(dashed, black line) and CV (dash-dotted, black line). Lower panel: Velocity dependence of the
hardness ratio of different solar wind ions: OVIII (solid line), OVII (dashed line) NVII (dashed line)
and CVI (dash-dotted line). Also shown are two experimentally obtained hardness ratios by Beiers-
dorfer et al. (2001b) and Greenwood et al. (2000) for O8+ colliding on CO2 and H2O, respectively
(see text).
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Table 8.2: Compilation of theoretical, velocity dependent emission cross sections for collisions be-

tween bare- and H-like solar wind ions and atomic hydrogen, in units of 10−16 cm2. See text for
details. We estimate uncertainties to be approximately 20%. The ion column contains the resulting
ion, not the original solar wind ion. Line energies compiled from Garcia and Mack, 1965; Vainshtein
and Safronova, 1985; Drake, 1988; Savukov et al., 2003 and the CHIANTI database (Dere et al., 1997;
Landi et al., 2006).

E (eV) Ion Transition 200 km s−1 400 km s−1 600 km s−1 800 km s−1 1000 km s−1

299.0 CV z . . . . . . . . . 8.7 12 16 18 20
304.4 CV x,y . . . . . . . 0.65 1.0 1.5 1.7 1.8
307.9 CV w . . . . . . . . 1.8 3.0 4.1 4.8 5.2
354.5 CV 1s3p–1s2 . 0.55 0.71 0.81 1.0 1.3
367.5 CV 1s4p–1s2 . 0.70 0.66 0.76 0.74 0.72
367.5 CVI 2p–1s . . . . 15 26 30 33 34
378.9 CV 1s5p–1s2 . 0.00 0.02 0.05 0.04 0.04
419.8 NVI z . . . . . . . . . 13 23 28 29 29
426.3 NVI x,y . . . . . . . 2.7 4.3 5.3 5.7 6.0
430.7 NVI w . . . . . . . . 3.8 6.0 7.4 8.1 8.5
435.5 CVI 3p–1s . . . . 1.6 4.0 4.7 4.7 4.8
459.4 CVI 4p–1s . . . . 2.9 5.9 7.0 6.4 6.0
471.4 CVI 5p–1s . . . . 0.55 1.0 1.3 0.85 0.54
497.9 NVI 1s3p–1s2 . 0.43 0.99 1.3 1.3 1.3
500.3 NVII 2p–1s . . . . 40 45 44 42 42
523.0 NVI 1s4p–1s2 . 0.81 1.6 1.9 1.8 1.7
534.1 NVI 1s5p–1s2 . 0.14 0.31 0.33 0.21 0.14
561.1 OVII z . . . . . . . . . 37 34 33 32 31
568.6 OVII x,y . . . . . . . 10 10 10 9.9 9.7
574.0 OVII w . . . . . . . . 9.9 11 11 11 10
592.9 NVII 3p–1s . . . . 6.3 4.9 4.8 4.5 4.3
625.3 NVII 4p–1s . . . . 2.9 2.9 3.7 4.3 4.6
640.4 NVII 5p–1s . . . . 11 5.2 3.7 2.7 2.2
650.2 NVII 6p–1s . . . . 0.00 0.21 0.13 0.09 0.08
653.5 OVIII 2p–1s . . . . 27 40 48 51 53
665.6 OVII 1s3p–1s2 1.7 1.3 1.3 1.2 1.2
697.8 OVII 1s4p–1s2 0.81 0.79 1.0 1.2 1.3
712.8 OVII 1s5p–1s2 2.8 1.3 0.92 0.68 0.54
722.7 OVII 1s6p–1s2 0.00 0.06 0.04 0.02 0.02
774.6 OVIII 3p–1s . . . . 2.6 4.7 5.6 5.3 5.0
817.0 OVIII 4p–1s . . . . 1.0 1.6 2.0 2.2 2.3
836.5 OVIII 5p–1s . . . . 2.4 4.0 4.6 4.1 3.7
849.1 OVIII 6p–1s . . . . 1.6 1.6 1.5 1.1 0.67




