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Owing to the spatial overlap of the ion plasma sheet (ring current) with the Earth’s neutral-
hydrogen geocorona, there is a significant rate of occurrence of charge-exchange
collisions in the dipolar portion of the Earth’s magnetosphere. During a charge-
exchange collision between an energetic proton and a low-energy hydrogen atom, a
low-energy proton is produced. These “byproduct” cold protons are trapped in the Earth’s
magnetic field where they advect via E×B drift. In this report, the number density and
behavior of this cold-proton population are assessed. Estimates of the rate of production of
byproduct cold protons from charge exchange are in the vicinity of 1.14 cm−3 per day at
geosynchronous orbit or about 5 tons per day for the entire dipolar magnetosphere. The
production rate of cold protons owing to electron-impact ionization of the geocorona by
the electron plasma sheet at geosynchronous orbit is about 12% of the charge-exchange
production rate, but the production rate by solar photoionization of the neutral geocorona
is comparable or larger than the charge-exchange production rate. The byproduct-ion
production rates are smaller than observed early time refilling rates for the outer
plasmasphere. Numerical simulations of the production and transport of cold charge-
exchange byproduct protons find that they have very low densities on the nightside of
geosynchronous orbit, and they can have densities of 0.2–0.3 cm−3 at geosynchronous
orbit on the dayside. These dayside byproduct-proton densities might play a role in
shortening the early phase of plasmaspheric refilling.
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1 INTRODUCTION

In the dipolar portions of the Earth’s magnetosphere, ring current ions charge exchange with the
neutral hydrogen exosphere of the Earth, which is known as the hydrogen geocorona (Carruthers
et al., 1976; Rairden et al., 1986). For an energetic proton H+

energetic (expression (1a)), an energetic
nitrogen ion N+

energetic (expression (1b)), or an energetic oxygen ion O+
energetic (expression (1c)), the

charge-exchange reaction can be expressed as

H+
energetic + H0

low−energy → H0
energetic + H+

low−energy, (1a)

N+
energetic + H0

low−energy → N0
energetic + H+

low−energy, (1b)

O+
energetic + H0

low−energy → O0
energetic + H+

low−energy, (1c)

He+energetic + H0
low−energy → He0energetic + H+

low−energy, (1d)
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where an energetic (∼10’s of keV) ion passes near a low-energy
(less than an eV) hydrogen atom, and the result of the reaction is
an energetic hydrogen atom or an energetic nitrogen atom or an
energetic oxygen atom and, in all three cases, a low-energy
proton. Charge exchange with the geocorona is an important
process for the decay of the ring current (Smith and Bewtra, 1978;
Kistler et al., 1989; Liemohn et al., 1999; Ilie et al., 2013; Ilie and
Liemohn, 2016) and for the creation of unstable hot-ion
distribution functions in the dipolar magnetosphere (Cornwall,
1977; Thomsen et al., 2011, Thomsen et al., 2017). In recent years,
the space-physics community has become interested in this
charge-exchange process because remote detection of the
energetic atoms can allow the imaging of the ring current/
geocorona overlap (e.g., Gruntman, 1997; Perez et al., 2016).
In this report, the cold byproduct protons from the charge-
exchange reactions are of great interest.

Charge-exchange byproduct protons are discussed briefly in
Delzanno et al. (2021). At the 1998 GEM SummerWorkshop, Pat
Reiff posed a question after a presentation as to whether charge
exchange could be an important source for the refilling of the
plasmasphere (Borovsky et al., 1998a). This work is an outgrowth
from that question.

This article is organized as follows: In Section 2, the expected
properties of charge-exchange byproduct protons in the
magnetosphere are described. In Section 3, two methods are
used to estimate the rate of production of cold charge-exchange
protons in the dipolar magnetosphere. In Section 4, computer
simulations are performed to look at the global population of cold
charge-exchange byproduct protons in the magnetosphere under

varying levels of geomagnetic activity. In Section 5, the role of
cold charge-exchange byproduct protons in the transition from
early stage to late stage plasmaspheric refilling is assessed In
Section 6, the results are summarized, and a new work is called
for that will refine the conclusions of this report.

2 PROPERTIES OF CHARGE-EXCHANGE
BYPRODUCT PROTONS

As ion-plasma-sheet (ring current) ions are convected into the
dipolar magnetosphere from the near-Earth portions of the
magnetotail, they encounter the neutral hydrogen geocorona
of the Earth. The density of the geocorona falls off with the
distance from the Earth. In Figure 1 (cf. Fig. 1 of Ilie et al., 2013),
the neutral-hydrogen number density is plotted at the equator at
local midnight as a function of the distance from the Earth: here,
power-law fits to five geocorona models are plotted in the five
different colors. The models from Rairden et al. (1986) are in
black, Hodges (1994) in blue, Ostgaard et al. (2003) in red, Bailey
and Gruntman (2011) in green, and Zoennchen et al. (2011) in
light blue. The power-law fits to the number density (in units of
cm−3) are displayed in the figure. As can be seen, the density of
neutral hydrogen increases strongly approaching the Earth, and
so the probability of charge exchange increases greatly as an ion
approaches the Earth.

Because of this strong radial dependence, the cold byproduct
protons of charge-exchange origin are predominantly born at
high latitudes. The ion plasma sheet is relatively isotropic (at
geosynchronous orbit, Tperp/T|| values are typically in the 1 to 1.3
range for the <40-eV portion of the ion plasma sheet (Denton
et al., 2005)), so there are significant numbers of ions that mirror
at high latitudes in the dipolar magnetosphere. As the ions
bounce in the magnetic flux tubes, they approach the Earth at
high latitudes and spend more time there, where the geocoronal
density is higher and so where the probability for charge exchange
is higher. Assuming that the hot-ion distribution is isotropic at
the equator, Liouville’s theorem indicates that the hot-ion
distribution will be isotropic everywhere away from the
equator and that its number density will be everywhere the
same as it is at the equator (cf. Borovsky and Cayton, 2011;
Sect. 4.4 of Roederer and Zhang, 2014). For an isotropic hot-ion
population at geosynchronous orbit (L � 6.6), this constant
density is exploited to obtain the effective flux-tube–averaged
number density of the geocorona, which is found to be 2.09 times
the equatorial number density if ngeoc ∝ r−3.09 (e.g., the black
curve in Figure 1), and the flux-tube–averaged number density of
the geocorona is 1.64 times the equatorial number density if ngeoc
∝ r−2.44 (e.g., the red curve in Figure 1) (See Jordanova et al.
(1996) or Liemohn and Kozyra (2003) for bounce averaging when
the hot-ion distribution is not isotropic). At 6.5 RE, the average
value of the geocoronal number density ngeoc of the five curves in
Figure 1 is 82 cm−3. So, if the boost in density given by flux-
tube–averaging is 1.85 times (the average of the five power laws in
Figure 1) the equatorial value, then the geosynchronous
midnight flux tube has an effective geocorona density ngeoc of
about 152 cm−3.

FIGURE 1 | Number density of the hydrogen geocorona as a function of
the distance from the Earth’s center along the Sun–Earth line in the nightside
(local midnight). The plotted curves are from five different models of the
geocorona. Power-law fits to the curves are displayed in the figure (after
Ilie et al., 2013)).
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Figure 2 examines the production of charge-exchange
byproduct protons in a flux tube as a function of latitude
assuming the hot-ion distribution is isotropic at the equator.
In that case, the number density of hot ions is independent of
latitude, and the relative rate of production of charge-exchange
byproduct protons depends only on the cross section of the
flux tube as a function of latitude. For a dipole geosynchronous
flux tube, the figure plots the rate of production of byproduct
protons in the flux tube relative to the rate of production at
the equator. The blue curve accounts only for the decreasing
volume of the flux tube with increasing latitude: this would
be the relative production curve, if the number density of the
neutral hydrogen geocorona was uniform and did not vary with
the distance from the Earth. The red curve in Figure 2 is the
relative rate of production as a function of latitude accounting
for both the reduced volume of the dipolar flux tube
with increasing latitude and the increasing number density of
the geocorona with closeness to the Earth (A ngeoc ∝ r−2.8 case
was taken for the red curve, with 2.8 being the mean value of the
five exponents in Figure 1.). As can be seen comparing the red
curve to the blue curve, the ngeoc ∝ r−2.8 geocorona greatly
increases the byproduct-proton production at high latitudes.
The median value of the blue distribution is at 14.0°, and
the median value of the red distribution is at 25.5°. For the
red curve, half of the byproduct cold protons produced in the
flux tube are produced at a latitude higher than 25.5°, and half of
the byproduct protons are produced at a latitude lower
than 25.5°.

Since the byproduct protons from charge exchange are born
predominantly away from the equator, the population of cold
byproduct protons will be somewhat field-aligned at the equator
owing to the enhanced birth rate of byproduct protons at portions
of the flux tube away from the equator (essentially, the cold ions
produced at each latitude in the flux tube will produce a sort of
“inverse loss cone” population at the equator). If the hot-ion
population in a flux tube is isotropic at the equator, it will be
isotropic everywhere in the flux tube. If the hot-ion population is
isotropic, then the cold byproduct protons will be produced with
isotropic velocity vectors. The excess byproduct protons
produced off the equator will show up at the equator as an
excess of field-aligned protons.

The byproduct protons are born with low kinetic energies and
are probably born with isotropic velocity distributions. The
kinetic energies of the gravitationally bound geocoronal
hydrogen atoms can be estimated with the use of the virial
theorem, which states that for a circular orbit, the orbital
kinetic energy εkin is one-half of the gravitational potential
energy εpot. Thus,

εkin � GMm / 2r, (2)

where G � 6.67 × 10−8 cm−3 gm−1 s−2 is the gravitational constant,
M � 5.97 × 1027 gm is the mass of the Earth, m � 1.67 × 10−24 gm
is the mass of a hydrogen atom, and r is the distance from the
center of the Earth. At geocentric-orbit distances (r � 6.6 RE � 4.2
× 109 cm), the kinetic energy of a geocoronal hydrogen atom is
εkin∼7.9 × 10−14 erg � 0.05 eV.

By kinematically analyzing the laboratory measurements of
the deflection angles of fast protons that have undergone charge
exchange with hydrogen atoms, it can be determined that the cold
byproduct protons from charge exchange are born with very little
kinetic energy. In a charge-exchange collision with a cold atom
(assuming a spherically symmetric scatter potential), the fast
proton with velocity venergetic and kinetic energy εenergetic �
mvenergetic

2/2 will be deflected by an angle θdefl and will
transfer a kinetic energy εcollision to the cold atom, with the
cold atom becoming a cold proton. Using conservation of
energy and momentum and assuming that the particle masses
are identical, one finds that the kinetic energy received by the cold
atom converted into a proton is

εcollision � εenergetic sin2(θdefl)/(1 + sin2(θdefl)). (3)

For a wide range of incident-proton energies, Table 1 shows
measured values of the maximum deflection angle of the fast
proton as a function of its incident energy. The majority of
charge-exchange events will occur at deflection angles below
these quoted maximum deflection angles, which were
qualitatively obtained from the published differential cross
sections (Chen et al., 1973; Toshima et al., 1989; Gaussorgues
et al., 1975; Schinke and Kruger, 1976; Martin et al., 1981). Using
these values, the maximum energy imparted to the byproduct
protons is calculated from expression (2), and these values are
collected into Table 1. As can be seen from the table, the energies
of the charge-exchange byproduct protons will be less than 0.6 eV
for incident proton energies in the range from 500–125 keV,

FIGURE 2 | In a dipole flux tube at geosynchronous orbit, the latitudinal
distribution of the rate of production of charge-exchange byproduct protons is
plotted for an isotropic distribution of energetic ions in the flux tube. The blue
curve would be the case if the geocoronal density did not vary with the
distance from the Earth, and the red curve is the case for a geocoronal density
that varies as r−2.8.
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which covers the ion plasma sheet. This small energy transfer
makes sense since charge exchange is a tunneling process that can
occur at larger distances than scattering between a proton and a
neutral hydrogen atom. Consistent with this, it will be seen in
Section 3 that the charge-exchange cross section for a 1-keV
hydrogen atom is ∼20 times the cross-sectional area of the
hydrogen atom. Note that the momentum transferred to the
byproduct proton in the charge-exchange collision is in a
direction that is nearly orthogonal to the initial trajectory of
the fast ion. Since the velocity kick received by the byproduct
proton during the charge-exchange collision is nearly transverse
to the path of the fast proton, for an isotropic distribution of fast
protons the byproduct protons are born with an isotropic velocity
distribution.

If a byproduct proton is born in the corotational electric field,
the cold byproduct proton will pick up a gyrational energy εpickup
that is comparable to the corotational kinetic energy where it is
born. If a proton is born at a distance ρ from the rotational axis of
the Earth, this energy gain is

εpickup � 1.1 × 10−3 eV(ρ/1 RE)
2. (4)

Even if ρ � 10 RE, this energy is considerably less than 1 eV.
Outside the corotational region, E×B convection can be faster.
But even if the convection speed is 10 km/s (5.7 RE/h), the pickup
kinetic energy εpickup will only be 0.52 eV.

It is possible that the byproduct protons can pick up parallel
kinetic energies owing to parallel electrostatic potential
differences that may exist in the dipolar magnetosphere.
Substantial potential drops between the ionosphere and the
magnetosphere are common in the auroral zone, as indicated
by the inverted-V in low-altitude electron spectrograms (which
map to the electron plasma sheet (Feldstein and Galperin, 1993))
and as also seen in downward-current regions (Lynch et al.,
2002). The auroral zone can extend to L-shells lower than
geosynchronous orbit on the nightside (Mauk and Meng,
1991; Motoba et al., 2015; Ozaki et al., 2015), particularly
when the geomagnetic activity is high. Another source of field-
aligned potential drops is the ambipolar electric field driven by
the emission of photoelectrons from the upper atmosphere
(Khazanov et al., 1997; Glocer et al., 2017). The
photoelectron-driven potential drops are a few volts, so
byproduct protons born at high latitudes could pick up a few
eV of parallel kinetic energy. Ambipolar field-aligned potentials
can also be set up, if the hot ions and hot electrons of the
magnetosphere have different degrees of anisotropy (Persson,
1963; Lennartsson, 1976; Chiu and Schulz, 1978; Stern, 1981).
This property is exploited to produce electrostatic ion

confinement in laboratory mirror machines (e.g., Hershkowitz
et al., 1982). One can imagine that the magnetospheric hot ions
have an effective anisotropy that changes with time as the hot-ion
population decays owing to charge exchange. These anisotropy-
driven ambipolar potentials can be a fraction of the hot-particle
temperatures (Whipple, 1977), so a parallel potential of at least a
few volts driven by multi-keV ions and electrons is almost
probable. Should the byproduct protons gain parallel kinetic
energy owing to any of these parallel potential differences in
the magnetosphere, they will appear as a cold, field-aligned
proton beam in the equatorial magnetosphere.

A candidate population of cold ions that may be the byproduct
protons produced by hot-ion charge exchange with the geocorona
is seen in the equatorial magnetosphere at geosynchronous orbit
by the Magnetospheric Plasma Analyzer (MPA) (Bame et al.,
1993). An example of this ion population can be seen in the
energy-time ion spectrogram as shown in Figure 3. Here, 3.8 h of
ion measurements are shown from the spacecraft LANL-02A on
September 23, 2003. The spacecraft was crossing the nightside in
geosynchronous orbit at the equator. The vertical axis of the
spectrogram is the logarithm of the ion energy going from 1 eV at
the bottom to 40 keV at the top. The color is the intensity of the
ion energy flux at that energy. On the horizontal axis, UT is
plotted with the local time of the spacecraft indicated in
parentheses: in the plot, the spacecraft travels from about 22.7
LT to about 2.5 LT. The vertical black lines in Figure 3 denote the
time interval when the spacecraft was in eclipse. The feature in the
spectrogram to focus on is the narrow “ion line” that has darkness
below it. In the hot electron plasma sheet, the MPA spacecraft
charges to large negative potentials with respect to the ambient
magnetospheric plasma (Thomsen et al., 2013): any low-energy
ions in the magnetospheric plasma are accelerated across this
potential to produce this narrow-energy (cold) line in the energy-
time spectrogram. The energy of the ion line is used as a direct
measure of the spacecraft potential with respect to infinity
(Borovsky et al., 1998b). The vertical width of the ion line is
narrow, indicating that the energy spread of the ions is small
compared with the potential that the ions fell through. At around
21 UT in Figure 3, the potential of the ion line is about 30 V, and
the line is still narrow. There are 40 evenly spaced energy
channels in the spectrogram, so at 21 UT the energy spread in
the ion-line population is much less than 30 eV. The density in
the ambient magnetospheric plasma of these cold ions is difficult
to determine owing to the sheath focusing by the large-radius and
large-voltage spacecraft sheath (for example, at 19 UT in
Figure 3, the hot-electron density is 0.51 cm−3 and the hot-
electron temperature is 4.2 keV yielding a Debye length for the
spacecraft of λDe � 0.68 km). Preliminary calculations based on

TABLE 1 | Estimates of byproduct-proton kinetic energies from kinematic analysis of measured primary deflection angles.

Kinetic energy of primary H+ ion Maximum angle of deflection θdefl Byproduct-proton kinetic energy εcoll Reference

500 eV <2° <0.6 eV Fig. 2b of Gaussorgues et al., 1975
1 keV <1.5° <0.6 eV Fig. 6b of Chen et al., 1973
2 keV <1° <0.6 eV Fig. 1c of Schinke and Kruger, (1976)
25 keV <0.1° <0.08 eV Fig. 1 of Martin et al., 1981
125 keV <0.03° <0.04 eV Fig. 2 of Toshima et al., 1989
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orbit-limited ion collection indicate that the densities of the cold
ambient protons that produce the ion lines at high voltages are on
the order of 10−2 cm−3. It is believed that the ion-line ions with
their low-ambient fluxes are only detectable because the
spacecraft charges to high-negative potentials so that its sheath
collecting area is much greater than its surface area (e.g., Chen,
1965; Hershkowitz, 1989).

3 PRODUCTION ESTIMATES FOR
BYPRODUCT PROTONS

In this section, the rate of production of cold protons owing to the
charge exchange of ion-plasma-sheet (ring current) ions with
geocoronal hydrogen atoms is estimated in two different ways. In
the first method, the total number of plasma-sheet protons passing
into the dipolar region per day is considered, and then the fraction
lost owing to charge exchange is applied to these to obtain the total
number of charge-exchange collisions in the dipolar region of the
magnetosphere per day. The second method involves examining
the number density and temperature of the ion plasma sheet at
geosynchronous orbit, estimating the density of the geocorona
there, and applying measured charge-exchange cross sections to
these numbers to obtain the rate of charge-exchange collisions at
geosynchronous orbit. Then, similar calculations will be carried out
to determine the rate of production of cold protons by electron-
impact ionization of the geocorona hydrogen atoms by electron-
plasma-sheet electrons and the rate of production of cold protons
by photoionization of the geocorona hydrogen atoms. The values
are collected in Table 2.

The first calculation proceeds as follows: The proton mass of
the earthward-convecting portion of the ion plasma sheet Mps on
the nightside of the Earth is about 1,150 kg (Table 4 of Borovsky
et al.(1998c)), assuming that all of the plasma-sheet ions are
protons. This material convects from the near-Earth magnetotail,
into the dipolar region of the magnetosphere, past the Earth’s
terminators, to the dayside magnetopause where it is lost. The
convection time τconv (replacement time) for the nightside plasma
sheet is estimated to be about 2.1 h (Table 4 of Borovsky
et al.(1998c)). This gives a mass flow rate of Mps/τconv ∼ 1.3 ×
104 kg/day of hot protons into the dipole from the magnetotail,
which is about 13 metric tons per day. By comparing the number
density of the ion plasma sheet on the dayside of the dipolar
region at geosynchronous orbit with its number density on the
nightside of the dipolar region, a rough estimate of the fraction of
ion-plasma-sheet ions that undergo charge exchange can be
obtained. At geosynchronous orbit, the ion-plasma-sheet
number density on the nightside is typically nnight ∼ 0.7 cm−3,
and the density on the dayside is nday ∼ 0.4 cm−3 (e.g., Korth et al.,
1999). This represents a ∼40% loss in the ions in passing the
dipole from the nightside to the dayside (the loss is probably
slightly higher since the flux-tube volume is larger on the
nightside of geosynchronous orbit than it is on the dayside;
the equatorial field strength being typically ∼30% less on the
nightside than it is on the dayside (Rufenach et al., 1992; Borovsky
and Denton, 2010)). Assuming that the density reduction is solely
due to charge-exchange loss (ignoring loss of hot protons to the
atmosphere), the ∼40% of 1.3 × 104 kg/day represents a ∼5 ×
103 kg/day loss of hot protons owing to charge exchange. For
every hot proton lost to charge exchange, one cold byproduct
proton is produced. Hence, ∼5 × 103 kg/day, or ∼5metric tons per
day, of cold protons are produced in the dipolar magnetosphere
as byproducts of charge exchange. This value is entered into
Table 2. This number should be taken as an order-of-magnitude
estimate, since the mass of the plasma sheet is difficult to discern,
and the estimated convection time for the plasma sheet differs
depending on whether ionospheric or magnetospheric flows are
analyzed. The number density of the plasma sheet also varies

FIGURE 3 | 3.8-h long energy-time ion spectrogram taken from the MPA instrument on September 23, 2003, onboard the spacecraft LANL-02A at
geosynchronous orbit crossing the nightside. The energy resolution of the spectrogram is 40 vertical channels logarithmically spaced. The time resolution is 86 s.

TABLE 2 | Estimates of the number of byproduct cold protons produced.

Method Production rate

Examining loss of plasma-sheet ions 5 tons per day in dipole
Calculating local charge-exchange rate 1.14 cm−3 day−1 at L � 6.6
Calculating electron-impact ionization rate 0.14 cm−3 day−1 at L � 6.6
Calculating geocorona photoinization rate 1.2–2.6 cm−3 day−1 at L � 6.6
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considerably from day-to-day depending on solar-wind
conditions (Borovsky et al., 1998d). As a comparison to the
five tons per day of byproduct protons, the mass of the
protons in the outer filled plasmasphere (the region that tends
to drain and refill) is on the order of 34 tons (Borovsky and
Steinberg, 2006).

The second calculation, which estimates the rate of occurrence
R of charge-exchange collisions at geosynchronous orbit,
proceeds as follows: the rate of production of byproduct
protons (number per unit time per unit volume) is

R � nenergetic f , (5)

where nenergetic is the number density of hot (energetic) ions, and f
is the frequency that one of these energetic ions undergoes
charge-changing collisions. For the number density and
temperature of the hot protons at geosynchronous orbit at
local midnight, the values nenergetic � 0.88 cm−3 and Tenergetic �
8.9 keV are taken from the upper-right geosynchronous-orbit
point in Fig. 2 of Borovsky et al., (1998c). The frequency f of
charge-exchange collisions for a proton in the hydrogen
geocorona is

f � ngeoc venergeticσ, (6)

where ngeoc is the number density of hydrogen atoms in the
geocorona, venergetic is the velocity of the energetic proton, and σ is
the charge-exchange cross section for a proton on a hydrogen
atom. For venergetic, the velocity of a proton with a kinetic energy
of 8.9 keV is taken, which is venergetic � 1.3 × 108 cm/s. For ngeoc,
the mean value of the five curves in Figure 1 at r � 6.5 RE is

82 cm−3, and an effective flux-tube average value (for an isotropic
hot-ion distribution at the equator) is about 1.85 times that of the
equatorial density, yielding ngeoc � 152 cm−3 for the “bounce-
averaged” geocorona number density (cf. Section 2). The
measured charge-exchange cross section σ for a proton is
plotted in the top panel of Figure 4 as a function of the
proton kinetic energy, taken from the data in Table A-22 of
Barnett (1990), which is a compilation of a number of laboratory
experiments. Note, in the top panel, the large size of this cross
section at 1 keV is σ � 1.7 × 10−15 cm2, which is 19.4 times than
that of the cross-sectional area of a hydrogen atom πao2 � 8.8 ×
10−17 cm2, where ao � 5.29 × 10−9 cm is the Bohr radius and the
radius of a hydrogen atom (cf. Table 1 of Ghosh and Biswas
(2002)). A 1-keV proton coming within 4.4 atomic radii of a
hydrogen atom can undergo charge exchange, hence the very
weak kinetic energy transfer εcollision to the byproduct proton
during the exchange (cf. Section 2 and Table 1). At 8.9 keV, the
charge-exchange cross section is σ � 8.3 × 10−16 cm2. In the
bottom panel of Figure 4, venergeticσ is plotted. Ideally, to utilize
expression (5) for a distribution of hot ions, one should average
venergeticσ over the distribution of ions (this is complicated
because the distribution functions of plasma sheet ions at
geosynchronous orbit are non-Maxwellian; e.g., see Fig. 9 of
Birn et al.(1997)). Fortunately, in the energy range of the ions
of the ion plasma sheet, the quantity venergeticσ does not vary very
much; as can be seen in the bottom panel of Figure 4, in the
kinetic energy range from 100 eV to 50 keV, venergeticσ varies by
less than a factor of 4. For a distribution of protons with a
temperature of about 8.9 keV, a value of venergeticσ ≈ 1 ×
10−7 cm−3 s−1 will be used. Using these values in expression (6)
with ngeoc ≈ 152 cm−3 yields a frequency of charge exchange of f ≈
1.3 × 10−5 s−1 (this represents a half-life to charge exchange of
about 15 h for a hot proton at geosynchronous orbit). Using this
value of f in expression (5) along with nenergetic ≈ 0.88 cm−3 yields
a production rate of cold byproduct protons of R ≈ 1.3 ×
10−5 cm−3 s−1, which is 1.14 cm−3day−1. This value is entered
into Table 2.

For comparison with the rate of production of cold protons by
charge exchange, the rate of production of cold protons by
electron-impact ionization of geocoronal hydrogen by the
electron plasma sheet is estimated. Similar to the
aforementioned calculation of charge-exchange production, the
electron-impact ionization rate R will be

R � nelec ngeoc velec σioniz, (7)

where nelec is the number density of hot electrons, velec is the
velocity of a hot electron, σioniz is the impact-ionization cross
section for the hot electron on a hydrogen atom, and ngeoc is the
density of hydrogen atoms. The number density of the hot
electrons is taken to be nelec � 0.88 cm−3, and the electron-
plasma-sheet temperature is taken to be Telec � 2 keV (cf.
Fig. 2 of Denton et al.(2005)). The velocity of an electron with
an energy of 2 keV is velec � 1.9 × 109 cm/s. The electron-impact
ionization cross section for a hydrogen atom to 2 keV electrons is
σioniz ≈ 6.3 × 10−18 cm−3 (e.g., Fig. 7 of Shah et al.(1987) or Fig. 5
of Tawara and Kato (1987)). Again, the bounce-averaged density

FIGURE 4 | In the top panel, the charge-exchange cross section σ of a
hydrogen atom to a proton is plotted as a function of the proton kinetic energy
E (after Barnett (1990)). In the bottom panel, the product vσ is plotted as a
function of E, where v is the proton velocity.
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of the hydrogen geocorona as seen by an isotropic population of
electrons at L � 6.6 is ngeoc � 152 cm−3. Using these values in
expression (7) yields a rate of ionization of R ∼ 1.6 ×
10−6 cm−3 s−1, which is R ∼ 0.14 cm−3 day−1 at geosynchronous
orbit. This value is entered into Table 2. For electron energies
Eelec in the range from 400 eV to 4 keV, the quantity velecσioniz
varies with electron energy approximately as velecσioniz ∝
Eelec

−0.35; hence, averaging over a thermal distribution of
electrons does not greatly vary the value of velecσioniz and R,
and the value of R ∼ 0.14 cm−3 day−1 is relatively insensitive to the
temperature of the electrons of the electron plasma sheet
(however, the rate R is sensitive to the number density of the
hot electrons, which varies with time). This is the rate of
production of cold protons by electron-impact ionization by
the electron plasma sheet. This R ∼ 0.14 cm−3 day−1 rate is
about 12% of the 1.14 cm−3 day−1 rate of production by charge
exchange of the ion plasma sheet.

For another comparison, the rate of production of cold
protons from solar photoionization of the neutral hydrogen
geocorona is estimated. At 1 AU from the sun, the
photoinization rate of a hydrogen atom is about 1 × 10−7 s−7

to 2 × 10−7 s−1 (Gruntman, 1990; Ogawa et al., 1995), i.e., the
lifetime of a hydrogen atom to photoionization is about
57–115 days. If the effective number density of the geocorona
for a midnight geosynchronous-orbit flux tube is ngeoc �
152 cm−3, then the production rate from photoionization is on
the order of 1.5 × 10−5 cm−3/s to 3 × 10−5 cm−3/s or
1.3–2.6 cm−3day−1, which is comparable to the production rate
from charge exchange. This value is entered into Table 2.

4 MAGNETOSPHERIC SIMULATIONS OF
BYPRODUCT-PROTON PRODUCTION AND
TRANSPORT
To explore the rudimentary behavior of the population of cold
byproduct protons, numerical simulations are utilized. The
HEIDI (Hot Electron Ion Drift Integrator) simulation code
(Liemohn and Jazowski, 2008; Ilie et al., 2012) is used to look
at the production and transport of the cold charge-exchange
protons for two cases of steady geomagnetic activity. The HEIDI
code simulates the evolution of the hot ring-current (ion-
plasma-sheet) ion population by calculating the velocity
moments of the ion phase–space distribution function
through the dipolar magnetosphere, whose evolution is under
the action of the E×B drift and gradient and curvature drifts.
HEIDI includes hot-ion loss via charge exchange with the
geocorona and loss to precipitation into the atmosphere. The
outer boundary of the simulation is at L � 6.5 (approximately
geosynchronous orbit), and a boundary condition for the
simulations is that the number density and temperature of
the hot ion plasma sheet (ring current) is specified at L � 6.5
on the nightside. In the two simulations, the Volland–Stern
electric-field model (Volland, 1973; Stern, 1975) was used,
parameterized by Kp. For the magnetic field, a non-tilted
dipole was used. The HEIDI code incorporates a variety of
neutral hydrogen geocorona models (Ilie et al., 2013); the

Rairden et al.(1986) model for the neutral hydrogen
geocorona is used for the two simulations.

The cold charge-exchange byproduct protons are advected via
E×B in the simulations. The small losses of the cold protons 1) via
scattering into the loss cone and 2) via charge exchange with the
hydrogen geocorona are ignored in the simulations. The loss
timescale for a 1-eV proton scattering into the atmosphere is
estimated to be 89 h at L � 3 and 87 days at L � 6.6. The loss
timescale for a 1-eV proton to charge exchange with the Hodges
(1994) geocorona (the highest-density model in Figure 1) is 55 h
at L � 3 and 370 h at L � 6.6. But, note that if a cold proton is lost
to charge exchange, it is replaced by another cold proton.

For the two simulations, Figure 5 plots the number density of
cold charge-exchange protons at near-geosynchronous orbit (L �
6.5) as a function of local time. Figure 5A is for a low-activity
simulation in which Kp � 1, and the nightside number density of
the ion plasma sheet was 0.93 cm−3 and the temperature was
5 keV; Figure 5B is for a very high-activity simulation in which
Kp � 6, and the nightside number density of the ion plasma sheet
was 1.45 cm−3 and the temperature was 11.6 keV. In both
simulations, the ionic composition of the plasma sheet on the

FIGURE 5 | From two HEIDI simulations, the number density of cold
charge-exchange byproduct protons is plotted in the equatorial plane at L �
6.5 as functions of local time. Panel (A) is for a Kp � 1 run with the nightside ion
plasma sheet having n � 0.93 cm−3 and T � 5 keV, and panel (B) is for a
Kp � 6 run with the nightside ion plasma sheet having n � 1.45 cm−3 and T �
11.6 keV.
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nightside was taken to be 100% H+, and so only cold protons
produced by energetic protons charge exchanging with atomic
hydrogen (expression (1a)) are calculated in the simulations.
Each simulation was run for 72 h with a time-independent
level of magnetospheric convection (parameterized by the
steady level of Kp) and with a time-independent number
density and temperature of the ion plasma sheet at L � 6.5 on
the nightside. In the plots of Figure 5, the number density of cold
charge-exchange protons is artificially low on the nightside at L �
6.5: the number density at L � 6.5 on the nightside is only related
to the combination of production in the first outer cell of the code
and advection out of that cell. In reality, there is production of
cold protons beyond L � 6.5 on the nightside followed by
advection through the L � 6.5 region; that production beyond
L � 6.5 does not appear in the simulation since the outer
boundary of the simulation domain is at L � 6.5. At local
midnight in the simulations at 72 h, a comparison of the
number density of cold byproduct protons at L � 6.5 and at L
� 6.25 finds the density in the Kp � 1 simulation goes from 1.1 ×
10−2 at 6.6 to 4.6 × 10−2 cm−3 at 6.25, and in the Kp � 6 simulation
the density goes from 2.8 × 10−3 to 6.8 × 10−3 cm−3. This is a
factor of ∼3 increase from L � 6.6 to L � 6.0, so if the production
of byproduct cold protons beyond L � 6.5 was accounted for in
the simulations, the number-density values at L � 6.5 on the
nightside could easily triple. Note in Figure 5 that the cold-ion
number density at local midnight is much less for the Kp � 6 case
than it is for the Kp � 1 case: this is dominantly a function of the
plasma advection strength where cold ions are more rapidly
convected away in the Kp � 6 case but can build up in
number density in the Kp � 1 case.

The major production of charge-exchange cold protons is in
the inner dipolar region where the neutral hydrogen geocorona is
denser. The cold protons produced in the inner dipolar regions
advect sunward, and so the number density of cold charge-
exchange byproduct protons is relatively larger where they
cross geosynchronous orbit on the dayside. In Figure 5, both
simulations yield number densities of cold byproduct protons of
0.2–0.3 cm−3 at local noon at L � 6.5 (unfortunately, the ion-line
analysis performed for the MPA spacecraft on the nightside,
where there is strong charging, does not work on the dayside,
where there is an absence of strong charging). Note, however, that
the local-time width of the higher-density cold protons is narrow
in the high-activity simulation (Figure 5B) and wide in the low-
activity simulation (Figure 5A).

The number densities of charge-exchange byproduct protons
are proportional to the number density of the ion plasma sheet
flowing into the dipolar region on the nightside. It will also
depend on the ion composition of the plasma sheet. Further, the
(Rairden et al., 1986) geocorona model was used in the
simulations of Figure 5: if another geocorona model were to
be used (cf. Figure 1), the number density of cold byproduct
protons would be higher.

At L � 6.5, the number density of cold charge-exchange
byproduct protons is less than the number density of the ion
plasma sheet. The peak cold-proton number densities of 0.2–0.3
are about half of the typical dayside ion-plasma-sheet densities
nday ∼ 0.4 cm−3 (e.g., Korth et al., 1999). For cold-ion

measurements in the dayside magnetosphere, these byproduct
cold-proton densities may be lost in the population of
plasmaspheric-refilling outflows, which can result in number
density buildups of 50 cm−3/day at geosynchronous orbit
(Sojka and Wrenn, 1985; Lawrence et al., 1999; Su et al., 2001;
Denton and Borovsky, 2014). In the following section, an
assessment is made of the role that the cold charge-exchange
byproduct proton distribution plays in the early time refilling of
the plasmasphere in the dayside magnetosphere: it is found that
the number densities of the byproduct protons are probably not
sufficient to eliminate the early phase of refilling, but the
byproduct population probably contributes to the shortening
of the early phase, helping to bring on the transition to the
rapid late phase refilling.

A study is in progress on the behavior of the cold charge-
exchange byproduct proton population at all L-shells in
simulations of the magnetospheric under time-dependent
geomagnetic activity.

5 COLD BYPRODUCT PROTONS AND
EARLY TIME PLASMASPHERIC REFILLING

On the dayside, the sunlit ionosphere has cold-proton outflows
that can build up to refill the outer plasmasphere in the dipolar
magnetosphere. It is argued that there are two different timescales
for the refilling (Wilson et al., 1992; Lawrence et al., 1999; Su et al.,
2001; Gallagher et al., 2021): a slow refilling at early times and a
faster refilling at late times. (But see Denton and Borovsky (2014)
for evidence against a two-timescale picture.)

Early refilling is slow because the protons coming out of one
ionosphere ballistically traverse the length of the
magnetospheric flux tube and end up lost in the conjugate
atmosphere. It is argued that until there is sufficient cold plasma
in the flux tube to sufficiently Coulomb scatter a transiting
proton, that proton is likely to be lost in the conjugate
atmosphere. Sufficient Coulomb scatter means enough
angular scattering to knock the transiting proton out of the
loss cone during its transit. To get to this stage where a
transition to faster late-time refilling occurs, the amount of
angular scattering per transit should be greater than or equal to
the atmospheric loss cone as seen at the equator.

Equation (6.4.11) of Krall and Trivelpiece (1973) expresses the
timescale τ for a thermal proton in a hydrogen plasma of density
n and temperature T to be scattered through a total angle of 1
radian by multiple Coulomb scattering events. The timescale to
scatter through the small loss-cone angle θloss is θloss2 times this
timescale, where θloss is expressed in radians. This gives

τ � θ 2
loss {(m

1/2
p (kBT)3/2)/(21/2π n e4 loge(Λ))}[0.843 + 0.415]−1

(A1)

where loge(Λ) is the Coulomb logarithm, 0.843 is a factor for the
scattering of the proton by the electrons of the plasma, and 0.415
is a factor for the scattering of the proton by the protons of the
plasma (Note that the square-bracket final factor []−1 in
expression (A1) is written incorrectly as []+1 in eq. (6.4.11) of
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Krall and Trivelpiece (1973)). We are interested in the number
density n that will produce a scattering by θloss in a time τ � d/vo,
where d is the transit pathlength through the plasma and vo is the
speed of the transiting proton. Using τ � d/vo in expression (A1)
and solving for n yields, we get

n � θ 2
loss{(m

1/2
p (kBT)3/2vo)/(21/2π d e4 loge(Λ))}[0.843 + 0.415]−1

(A2)

At the geosynchronous-orbit equator for a 100-nT field, the
loss cone angle is θloss � 2.5° � 4.5 × 10−2 radian. As the proton
transits from one ionosphere to the other, any angular scattering
that occurs at high latitude is not effective at moving the proton
out of the loss cone; hence, for d, we will take a transit length at
lower latitude in the dipolar flux tube. For L � 6.6, this length is
taken to be d � 6.6 RE � 4.2 × 104 km. Taking the transiting
proton to have an energy of 1 eV and the building-up
proton–electron plasma in the magnetosphere to have that
same 1-eV temperature, this gives T � 1 eV and vo � 14 km/s.
The Coulomb logarithm for a plasma with a temperature of 1 eV
and a density of about 1 cm−3 is loge(Λ) � 23. Using these values
in expression (A2) yields the critical number density of a 1-eV
proton–electron plasma to be n � 0.26 cm−3.

The number densities of charge-exchange byproduct protons
can be non-negligible compared with this number density n �
0.26 cm−3 (cf. Figure 5). That 0.26 cm−3 number density was
calculated for a Ti � Te � 1-eV plasma. However, the cold charge-
exchange byproduct protons are produced by removing hot
protons (or hot O+ ions or hot N+ ions) from the
magnetosphere and not altering the hot electrons, and so there
is no 1-eV population of electrons accompanying the cold
byproduct protons to help with the Coulomb scattering of a
transiting proton (the hot ions and hot electrons in the flux tube
are not effective at Coulomb scattering of a cold proton). Hence
the factor [0.843 + 0.415]−1 in expression (A2) becomes [0 +
0.415]−1 for cold charge-exchange protons without
accompanying cold electrons. This increases the calculated
critical number density 0.26 cm−3 by a factor of 3.0, yielding a
critical number density of byproduct protons of n � 0.79 cm−3 to
cause a transition from slow early time refilling to fast late-time
refilling. However, a number density of 0.2–0.3 cm−3 (cf.
Figure 5) will do some angular scattering to shorten the time
that early time refilling needs to go on before the transition
density can be reached.

Also in the magnetospheric flux tube, there are the two
“refilling” beams of protons from the ionospheric outflow that
have non-zero number densities, and each beam contributes to
the Coulomb scattering of the other beam. For these two beams to
be able to account for the late-stage refilling rate of the
plasmasphere Rlate, each beam must have a number density
nbeam at the equator of

nbeam � (2/2)Rlatettransit, (A3)

where τtransit is the transit time from the ionosphere to the
equator, the factor of 2 in the denominator accounts for the
fact that two beams give rise to the refilling rate Rlate so that each

beam takes half the density, and the factor of 2 in the numerator
accounts for the fact that the refilling is only on for about 12 h out
of 24 h because the refilling only occurs from the sunlit
ionosphere so the dayside refilling rate is twice the daily rate.
The transit time in the dipole flux tube at geosynchronous orbit
from the ionosphere to the equator is τtransit � (1.3) (6.6) (1 RE)/
vbeam � 5.4 × 104 km/vbeam. The measured late-stage refilling rate
at geosynchronous orbit is 25–50 cm−3/day (Sojka and Wrenn,
1985; Lawrence et al., 1999; Su et al., 2001; Denton and Borovsky,
2014). For a 1-eV outflow beam of protons (with vbeam � 14 km/
s), the transit time is τtransit � 1.1 h, and the equatorial number
density of each beam given by expression (A3) is nbeam �
1.1–2.2 cm−3. This is a substantially higher number density
than the 0.2–0.3 cm−3 number densities of the cold charge-
exchange byproduct proton population found at
geosynchronous orbit in the HEIDI simulations (although the
HEIDI simulations yielded densities that are lower bounds, owing
to the use of the (Rairden et al., 1986) geocorona and the absence
of charge exchange beyond L � 6.5 on the nightside). However,
the effectiveness of proton–proton Coulomb scattering is very
sensitive to the relative velocities of the colliding protons, and the
protons of one beam pass the protons of the other beam with a
relative speed vo of 28 km/s whereas the protons of each beam
pass through the byproduct protons with a relative speed vo of
about 14 km/s. To obtain the same angular-scattering effect, one
needs a critical density ncrit that increases as ncrit ∝ v4o (cf.
expression (6.2.4) or (6.2.6) of Krall and Trivelpiece (1973)),
so the density of a beam is not as effective as at scattering by a
factor of about 4 as is the density of the byproduct protons are.
Based on observations, the temperature of the outer plasmasphere
may be higher when the plasmaspheric density is low, and the
temperature is lower when the density is high (e.g., Comfort et al.,
1985; Moldwin et al., 1995). There is some argument that the
outflow energy of protons from the ionosphere is greater during
early stage refilling than it is during late-stage refilling (cf. Wilson
et al., 1992; Su et al., 1998). If the proton outflow energy is 3 eV
(with vbeam � 24 km/s), then expression (A3) yields the equatorial
number density of each beam to be nbeam � 0.65–1.3 cm−3, and if
the proton outflow energy is 10 eV (with vbeam � 44 km/s), then
expression (A3) yields the equatorial number density of each
beam to be nbeam � 0.36–0.71 cm−3.

Note that in the dayside magnetosphere, there is also the
oxygen-rich warm plasma cloak (Chappell et al., 2008). The ions
of the cloak have been explored (Horwitz and Chappell, 1979;
Borovsky et al., 2013; Lee and Angelopoulos, 2014; Takahashi
et al., 2014; Jahn et al., 2017; Delzanno et al., 2021), but the
electrons of the cloak are mostly a mystery (Li et al., 2011;
Nishimura et al., 2013; Mozer et al., 2017; Walsh et al., 2020).
The dayside cloak can have ion densities of a fraction of 1 cm−3

(cf. Fig. 9 of Jahn et al., 2017) or even higher than 1 cm−3 during
storm times (cf. Fig. 20 of Borovsky et al., 2013). For a calculation,
we take n � 0.2 cm−3 for the O+ of the cloak at geosynchronous
orbit on the dayside (cf. Fig. 9 of Jahn et al., 2017). The
temperature of the cloak varies (as does its number density),
but for the sake of calculation we take the O+ temperature to be
20 eV. For Coulomb scattering, it is the relative velocity of the
colliding particles that controls the strength of the scatter; 20-eV
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O+ ions have a velocity distribution very similar to that of 1-eV
H+ ions. Note, however, that heavy O+ ions are more effective at
angular scattering a transiting proton since an O+ ion recoils less
than an H+ ion does during a collision, and so the transiting
proton deflects more off of O+ than it does off of H+. Hence,
0.2 cm−3 of 20-eV cloak oxygen is probably a more important
factor in ending the early time refilling phase than is 0.2–0.3 cm−3

of byproduct protons.
The densities of all of the populations (byproduct and cloak)

vary with time, so at times the byproduct protons may play an
important role in bringing about the transition from slow early time
plasmasphere refilling to rapid late-time plasmasphere refilling.

6 SUMMARY

In this report, the production of cold protons from charge-exchange
collisions between the protons of the ion plasma sheet (ring current)
and the neutral hydrogen geocorona was investigated, and the
properties of these byproduct protons were ascertained.

The properties of the byproduct protons are as follows (see
also Section 2): Each charge-exchange collision produces one
byproduct proton. The byproduct protons are born primarily off
equatorial in the dipolar portions of the magnetosphere, owing to
the intersection of the quasi-isotropic ions of the ion plasma sheet
and the radially decreasing density of hydrogen atoms in the
Earth’s geocorona. When they are born, the byproduct protons
are trapped in the magnetosphere by mirror geometry of the
dipole magnetic field of the Earth. Since they are born primarily
away from the equator, the distribution of cold protons will tend
to be field aligned. The protons are born with very little kinetic
energy (<0.6 eV) from the charge-exchange collisions, and they
pick up very little energy (<1 eV) owing to the corotational and
convectional electric field in which they are suddenly born. If
there are field-aligned electrostatic potentials residing in the
dipolar magnetosphere (driven perhaps by photoelectrons off
the atmosphere, by anisotropies in the ion- and electron-plasma-
sheet populations, by contact of the hot magnetospheric electrons
with the ionosphere, or by field-aligned currents), then the
byproduct protons may pick up a parallel-to-B kinetic energy.

A population of ions that are seen at the equator in
geosynchronous orbit was identified as a candidate for being these
byproduct protons produced by charge-exchange collisions (see
Section 2). The population of ions is known as the “ion line” in
energy-time ion spectrograms. The ion line is formed by ambient ions
(with thermal energies less than a few 10’s of eV) that are accelerated
across the spacecraft sheath from the ambient magnetospheric
plasma to the negatively charged satellite. The ion line is typically
seen in themidnight-to-dawn region of local time at geosynchronous
orbit where satellites encounter the electron plasma sheet. At the
equator, the cold ions of the ion line tend to be field aligned. The
ambient densities of the cold ions that make up the line are estimated
to be about ∼10−2 cm−3 in the nightside magnetosphere at
geosynchronous orbit. Without strong spacecraft charging (which
occurs in the electron plasma sheet) and the associated strong sheath
focusing of ion orbits onto the satellite, these ions would be difficult to
detect with standard ion instruments.

The rates of production of byproduct protons from charge
exchange were estimated by two different ways (see Section 3). By
combining an estimate of the total flow of ion-plasma-sheet
protons into the nightside of the dipolar region and an
estimate of the fraction of those ion-plasma-sheet ions that are
lost to charge exchange as they pass the dipole from the nightside
to the dayside, the total number of charge-exchange collisions in
the dipolar region was estimated: the estimate yields about 5 tons
per day of cold byproduct protons in the magnetosphere. By
examining the temperature and density of the ion plasma sheet at
geosynchronous orbit (L � 6.6) and using a model of the neutral
hydrogen geocorona, the rate of charge-exchange collisions was
estimated: about 1.14 cm−3 per day of byproduct protons is
produced in geosynchronous-orbit flux tubes on a typical day.

The rate of production of cold protons owing to electron-impact
ionization of geocoronal hydrogen atoms by the electrons of the
electron plasma sheet was estimated (see Section 3). About 0.14 cm−3

per day of cold protons is produced this way at geosynchronous orbit,
predominantly on the nightside and dawnside. The production rate
of cold protons by electron-impact ionization is a factor of 10 less
than the production rate by charge exchange.

The rate of production of cold protons owing to solar
photoionization of geocoronal hydrogen atoms was estimated
(see Section 3). About 1.3–2.6 cm−3 per day of cold protons is
produced this way at geosynchronous orbit. The production rate
of cold protons by photoionization is comparable to or greater
than the production rate by charge exchange.

The production and transport of cold byproduct protons was
investigated with the HEIDI simulation code. Two steady-state
convection runs were investigated (Kp � 1 and Kp � 6), and the
number density at L � 6.5 in the equatorial plane was examined.
Both simulations yielded byproduct-proton number densities
that peaked on the dayside, with maximum number densities
of 0.2–0.3 cm−3 near local noon (note that these number densities
would be higher, perhaps by a factor of 2, if a geocorona model
other than the Rairden et al., 1986 model would have been used in
the simulations; further, the number densities are lowered by the
fact that the charge-exchange production of protons beyond L �
6.5 on the nightside is not included). These number densities are
small compared with expected number densities of
plasmaspheric-refilling proton outflows from the ionosphere
and are also small compared with dayside cloak-ion number
densities. An assessment at geosynchronous orbit of the
population of cold charge-exchange byproduct protons in the
dayside magnetosphere finds that they likely contribute to the
shortening of any “early phase” of plasmaspheric refilling by
Coulomb scattering ionospheric-outflow protons out of the
atmospheric loss cone, yielding a trapping of the outflows and
a buildup of the magnetospheric plasmaspheric density.

To test whether or not the ions making the ion line are the
predicted byproduct protons from charge exchange, the statistics
of the observed properties of the “ion-line” population versus ion-
plasma-sheet densities, magnetospheric convection rates, etc., are
called for. If the ion-line ions are cold byproduct protons from
charge-exchange collisions on the nightside of the dipolar region,
then there should be a positive correlation between the density of
the ion-line ions and the density of the ion plasma sheet,
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particularly when the convection age of the flux tube is accounted
for. If there are factors that cause the density of the neutral
hydrogen geocorona to vary (e.g., Banks and Kockarts, 1973;
Bzowski and Fahr, 1996; Kuwabara et al., 2017), then the density
of the ion line should also be affected by these factors, which can
be tested observationally.
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