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[1] Suprathermal electrons (>70 eV) form a small fraction of the total solar wind electron
density but serve as valuable tracers of heliospheric magnetic field topology. Their
usefulness as tracers of magnetic loops with both feet rooted on the Sun, however, most
likely fades as the loops expand beyond some distance owing to scattering. As a first step
toward quantifying that distance, we construct an observationally constrained model
for the evolution of the suprathermal electron pitch-angle distributions on open field lines.
We begin with a near-Sun isotropic distribution moving antisunward along a Parker spiral
magnetic field while conserving magnetic moment, resulting in a field-aligned strahl
within a few solar radii. Past this point, the distribution undergoes little evolution with
heliocentric distance. We then add constant (with heliocentric distance, energy, and pitch
angle) ad-hoc pitch-angle scattering. Close to the Sun, pitch-angle focusing still
dominates, again resulting in a narrow strahl. Farther from the Sun, however, pitch-angle
scattering dominates because focusing is effectively weakened by the increasing angle
between the magnetic field direction and intensity gradient, a result of the spiral field. We
determine the amount of scattering required to match Ulysses observations of strahl
width in the fast solar wind, providing an important tool for inferring the large-scale
properties and topologies of field lines in the interplanetary medium. Although the
pitch-angle scattering term is independent of energy, time-of-flight effects in the spiral
geometry result in an energy dependence of the strahl width that is in the observed sense
although weaker in magnitude.
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1. Introduction

[2] Solar wind electron velocity distributions can typically
be divided into three main components: a thermal ‘‘core,’’
an isotropic suprathermal (i.e., >70 eV) population called
the ‘‘halo,’’ and a suprathermal population sharply aligned
with the heliospheric magnetic field called the ‘‘strahl’’
[Feldman et al., 1975; Rosenbauer et al., 1977]. While
suprathermal electrons only constitute a small fraction of the
total solar wind electron density, they are of key interest
because the strahl acts as an effective tracer of heliospheric
magnetic field topology, with a single strahl indicating open
magnetic flux and counterstreaming electrons (CSEs) sig-
naling the presence of closed magnetic loops with both foot
points rooted at the Sun [e.g., Gosling et al., 1987]. The
picture is complicated, however, by the presence of pitch-
angle scattering of suprathermal electrons. As the apex of a
closed loop moves antisunward, in-transit scattering on the
increasingly longer field-line will result in eventual loss of
the sunward beam, and hence, loss of the CSE signature
[e.g., Owens and Crooker, 2007]. The distance into the

heliosphere a loop can travel before the CSE signature is
lost depends upon the pitch-angle scattering rate and has
important implications for the interpretation of the solar
cycle evolution of the heliospheric magnetic field [Owens
and Crooker, 2006, 2007].
[3] In this study we take a first step toward quantifying

the CSE fade-out distance by constructing an observation-
ally constrained model of the evolution of suprathermal
electron pitch-angle distributions on open field lines.
Section 2 provides a brief overview of the key observational
constraints on the pitch-angle scattering mechanism. Section 3
describes the model, section 4 matches the model scattering
to the observed electron evolution, and the implications of
our findings are discussed in section 5.

2. Background

[4] Suprathermal electrons are generated in the corona,
probably by wave-particle interactions [e.g., Vocks et al.,
2008], before escaping the electrostatic potential of the Sun
because of their high mobility [Pierrard et al., 2001]. With
increasing distance from the Sun, collisions soon become
infrequent enough that suprathermal electron energy and
magnetic moment are conserved, resulting in a narrow field-
aligned strahl as the suprathermal electrons move into a
weakening magnetic field. Further out in the heliosphere,
however, the presence of halo electrons and the observed
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width of the strahl suggest pitch-angle scattering acts during
their transit. In this section we briefly summarize the
observational constraints that can be placed on the supra-
thermal electron pitch-angle scattering mechanism. The
underlying physical processes [e.g., Gary and Saito, 2007;
Saito and Gary, 2007] can be better constrained by estab-
lishing unambiguously whether or not scattering has explicit
distance-, heliolatitude-, and/or energy dependencies
[5] Observations indicate that the normalized core density

remains constant with heliocentric distance but that strahl
density decreases while halo density increases, suggesting
that the halo population consists of electrons that have been
pitch-angle (PA) scattered out of the strahl [Gosling et al.,
2001; Maksimovic et al., 2005], most likely by wave-
particle interactions.
[6] Hammond et al. [1996] used fast solar wind data from

the Ulysses southern polar pass to characterize the evolution

of suprathermal electrons with heliocentric distance. They
fit the suprathermal electron pitch-angle distributions with
the following form:

j að Þ ¼ K0 þ K1 exp
�a2

K3

� �
ð1Þ

where j(a) is the differential electron flux, K0 describes the
electron density of the halo and K3 determines the width of
the strahl (the full width at half maximum is given by
FWHM = 2

ffiffiffiffiffiffiffiffiffiffiffi
ln 2ð Þ

p
K3). K1 is the maximum electron density

of the strahl above the background level.
[7] Between radial distances of 1 and 2.5 AU from the

Sun, Hammond et al. [1996] reported a positive linear
correlation between suprathermal strahl width and heliocen-
tric distance for a range of electron energies (77, 115, 162
and 225 eV), as shown in Figure 1. At heliocentric distances

Figure 1. Ulysses observations of the suprathermal electron strahl width as a function of heliocentric
distance. Red dashed lines show the best linear fits to the data. Gray-shaded regions show the range of
heliocentric distances at which the strahl width is reported to increase linearly with distance. Adapted
from Hammond et al. [1996].
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greater than 2.5 AU, there may be some evidence of strahl
widths decreasing with distance, though data are sparse,
particularly for higher energy electrons. For 77 eV supra-
thermal electrons, Hammond et al. found the best linear fit
to the width of the strahl as a function of heliocentric
distance between 1 and 2.5 AU is given by:

FWHM ¼ 27� 26ð Þ�þ R 22� 15ð Þ�=AU ð2Þ

where R is the heliocentric distance in AU. This relation is
shown as the red dashed line in Figure 1 (top). Since
focusing must dominate close to the Sun to form the
observed strahls, this increase in strahl width was interpreted
as evidence of an increase in suprathermal electron scattering
with heliocentric distance.
[8] It is important to note that the relation in equation (2)

was obtained using observations gathered over a large range
of heliographic latitudes, from +30� to �50�. Hammond et
al. [1996] concluded that the amount of suprathermal
electron scattering is a function of radial distance and not
heliolatitude, at least inside 2.5 AU. Scime et al. [2001] also
reported no latitudinal trends in suprathermal electron
behavior once the radial variation is removed. The decrease
in strahl widths at distances greater 3 AU, however, was
attributed to a possible latitudinal effect, with Hammond et
al. speculating that heliolatitude variations may exist, but be
undetectable in their data set. In this study we investigate
the evolution of the suprathermal electron strahl with
heliocentric distance when the scattering term is constant
with distance and latitude and compare this behavior with
the observations.
[9] On the basis of observations at 1 AU, there have been

conflicting findings regarding the energy-dependence of the
strahl width. Both negative [Pilipp et al., 1987; Ogilvie et
al., 2000; de Koning et al., 2007] and positive [Pagel et al.,
2005, 2007] correlations between suprathermal electron
anisotropy (which increases as the strahl narrows) and
energy have been reported, meaning it is currently unclear
whether there is an intrinsic energy dependence in the
scattering mechanism. Using Ulysses data, ham96 plotted
observed strahl widths against heliocentric distance at four
electron energies. They found that best linear fits to these
variations yield widths at 1 AU that increase with energy, in
agreement with Pagel et al. [2005, 2007]. Hammond et al.
[1996] also used the fits to show that higher energy
electrons undergo less strahl broadening past 1 AU:

d FWHMð Þ
d Rð Þ ¼ 30 �=AUð Þ � 0:1E �=AU=eVð Þ ð3Þ

where E is the electron energy, in eV. In this study we
investigate how much of this energy-dependence can be
explained by time-of-flight effects that arise even when the
scattering term is independent of energy.

3. Modeling Suprathermal Electron Evolution

[10] In order to match the observed strahl broadening of
suprathermal electrons with heliocentric distance, we con-
struct a numerical model in which the time evolution of
heliocentric distance (R) and pitch angle (a) of electrons are
subject to two processes: Adiabatic focusing and pitch-

angle scattering. We first consider adiabatic focusing in
the absence of scattering.

3.1. Adiabatic Focusing

[11] The radial speed, VR, of an electron consists of two
components: advection with the radially flowing ambient
solar wind and streaming along the magnetic field, inde-
pendent of the ambient solar wind. Thus at a heliocentric
distance R:

VR R;a; qð Þ ¼ VSW þ Vk R;að Þ cos g R; qð Þ

¼ VSW þ
ffiffiffiffiffiffi
2E

me

r
cosa Rð Þ

� �
cos

	 arctan
2p

TROTVSW

R cos q
� �� �

ð4Þ

where VSW is the ambient solar wind speed, Vk(R, a) is the
component of the electron speed along the magnetic field
direction and g(R, q) is the angle the magnetic field makes
with the radial direction. The second line expresses Vk in
terms of E, the total electron energy, and a, the electron
pitch angle relative to the magnetic field (with 0� being a
completely field-aligned electron). The Parker spiral is
expressed in terms of the ambient solar wind speed (VSW),
heliocentric distance (R), the solar rotation period (TROT)
and the heliographic latitude (q).
[12] In the absence of scattering, the evolution of electron

pitch angle with R is governed by conservation of magnetic
moment:

sin2 a Rð Þ ¼ BTOT Rð Þ sin2 a R0ð Þ
BTOT R0ð Þ ð5Þ

where BTOT(R) is the magnetic field strength at distance R
and R0 represents a reference heliocentric distance. Thus to
calculate the pitch-angle evolution, a model of magnetic
field strength variation with heliocentric distance is
required. Magnetic flux conservation through heliocentric
spheres means the radial component of heliospheric
magnetic field strength must fall off as 1/R2. In the Parker
spiral model of the solar wind, the azimuthal component of
the field is given by Bg(R, q) = Br(R) tan g(R,q). There is no
meridional field component.
[13] To find the heliocentric distance and pitch angle of

an electron at a time t, we numerically integrate equations (4)
and (5).
3.1.1. Model Grid
[14] Our simulation of suprathermal electrons in the solar

wind uses a uniform numerical grid in electron pitch-angle
cosine (m = cosa) and heliocentric distance phase space.
The advantage of using a uniform m grid, rather than a
uniform pitch-angle grid, is that a flat distribution of
electrons in m-space is isotropic. The separation of grid
cells in radial distance, dR, is given by RMAX/NRMAX,
where RMAX is the heliocentric distance of the outer grid
boundary and NRMAX is the number of grid cells in the R
direction. For computation efficiency, we want to set dR as
high as possible, however, dR must be set low enough to
resolve the PA change which results from equation (5) in a
single time-step, dt. In this study we set RMAX to 8 AU and
NRMAX to 1600, since higher spatial resolutions are found
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to give nearly identical results. The maximum radial speed
of an electron will occur for a = 0� and where g = 0�. From
equation (4), This is adequate to resolve pitch-angle changes
on the scale of the adopted time step.
[15] To initialize the simulation, the number of electrons

in each grid cell is set to zero, except for cells at 1 RS, which
are set to have NINIT electrons at all m and all times,
representing an isotropic source of suprathermal electrons
near the Sun. At each time-step, we calculate the new position
and for each grid cell, in accordance with equations (4)
and (5). When the new heliocentric distance or m falls at
some intermediate value between two grid cells (as will
usually be the case), the electrons are split between the
bounding grid cells by linear interpolation. This leads to a
fairly diffusive scheme, but it is adequate for our require-
ments, as demonstrated in the next section. Electrons
propagating to the end of the simulation grid are lost.
Consequently, although simulations are run out to 8 AU,
back-scattered electrons are not well simulated beyond 5 AU,
and results beyond this distance are not used.
3.1.2. Results With No Scattering
[16] Figure 2 shows the result of propagating suprather-

mal electrons through our model in the absence of pitch-
angle scattering. Only adiabatic effects are present. The
simulation was performed in the ecliptic plane (i.e., q = 0�).
The snapshot is shown after 8000 time-steps, when elec-
trons have propagated the full length of the simulation
domain and the model has reached a steady-state equilibri-
um. The color scale on the left shows suprathermal electron
number density, normalized to the maximum density at each
radial distance, as a function of pitch angle and heliocentric
distance. While the absolute value of this normalized
density is determined by the arbitrarily chosen value of
NINIT, the density of the initial isotropic distribution, varia-
tions in this normalized density are directly comparable to

variations in this normalized density are directly comparable
to variations in electron differential flux, j(a), as observed
by spacecraft. The right shows the full-width half-maximum
(FWHM) of the strahl as a function of distance (this is
obtained from a fit to the electron pitch-angle distribution,
as described in section 2). Note the logarithmic scale in
heliocentric distance, chosen to highlight near-Sun evolu-
tion. A narrow strahl is formed within 0.5 AU, beyond
which the electron distribution does not undergo any further
significant evolution.
[17] Figure 2 also shows a build-up of 90� pitch-angle

electrons close to the Sun, as indicated by the narrow spike
at that pitch angle. This population is a remnant of the
90� pitch-angle electrons in the near-Sun isotropic source,
which propagate outward at the solar wind speed and thus
undergo adiabatic focusing very slowly. Furthermore, even
in the absence of explicit scattering, numerical diffusion
means that a small fraction of the a = 90� electrons at can
reach a > 90� phase space. These electrons will then
propagate back toward the Sun, adiabatically defocussing
as they move into stronger magnetic fields and thus repo-
pulating the a = 90� phase space close to the Sun.

3.2. Adding Pitch-Angle Scattering

[18] In this section, suprathermal electron pitch-angle
scattering is added to the numerical scheme outlined in
the previous section. As the physical processes responsible
for suprathermal electron scattering remain a topic of
research, we simulate pitch-angle scattering in an ad-hoc
fashion by broadening the electrons in each grid cell and at
each time step by a Gaussian function of m. Once the
electrons have been pitch-angle scattered, they are subject
to the same adiabatic focusing as in the previous section.
[19] To implement this scheme, we assume that if at time

step i there are N0 electrons in the m grid cell centered at m0,

Figure 2. A numerical simulation of suprathermal electron strahl evolution with no pitch-angle
scattering. (left) Suprathermal electron number density in pitch-angle and heliocentric distance phase
space as a normalized color scale. (right) Full-width half-maximum (FWHM) of the strahl as a function of
distance. Note the logarithmic scale on the y axis, chosen to highlight near-Sun evolution. A narrow strahl
is formed within 0.5 AU, beyond which the electron distribution undergoes little evolution.
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at time step i + 1 these electrons will be spread in m by the
following equation,

dN mð Þ
dm

¼ N0

s
ffiffiffiffiffiffi
2p

p exp � m� m0ð Þ2

2s2

" #
;

where the number of electrons is conserved,

N0 ¼
Z 1

�1

dm
dN

dm
:

Thus as s increases, the level of scattering increases, and
electrons are spread over a larger range of pitch-angle
cosines.
[20] In order to avoid edge effects and ensure the pitch-

angle distribution tends toward isotropy, it is necessary to
mirror the distribution about m = ±1. A similar mirroring of
the distribution was performed in the data analysis of
Hammond et al. [1996]. The total scattered pitch-angle
distribution is then obtained by summing over the Gaussian
distributions derived from the individual m bins. An exam-
ple of the pitch-angle scattering is shown in Figure 3, where
an initial distribution (the thick black line) with a sharp peak
centered at m = �0.7 � is time-evolved with only pitch-angle

scattering acting (i.e., at a fixed radial distance with no
adiabatic effects). At each time step, each m bin is broad-
ened by a Gaussian factor of s = 0.0022. The thin blue lines
show the first 10 time steps. The thin red lines show the
distribution at intervals of 100 time steps. The thick red line
shows the m distribution after 1000 time steps: it is clearly
approaching an isotropic distribution.
[21] In this study, s is a constant for each simulation; that

is, the scattering rate is independent of time, heliocentric
distance and electron energy. Figure 4 shows the same
simulation as Figure 2 but with the addition of scattering
at the Figure 3 level of s = 0.0022. It is the same format as
Figure 2 but uses a linear scale for the y axis. The near-Sun
evolution is nearly identical to the no scattering case: A
narrow strahl forms within 0.1 AU, indicating adiabatic
focusing overwhelms pitch-angle broadening resulting from
scattering. However, past 0.5 AU the strahl begins to
broaden significantly, indicating a dominance of pitch-angle
scattering over adiabatic focusing. This is clear in both the
color-coded pitch-angle distributions on the left and the blue
FWHM curve on the right. The red points on the right show
the width of the strahl obtained from Ulysses observations
[Hammond et al., 1996]. These provide an excellent fit to
the blue curve in the gray-shaded range of 1–2.5 AU, as
discussed further in section 4. Note that the same scattering

Figure 3. An example of the ad hoc pitch-angle scattering employed in this study. An initial distribution
with a sharp peak centered at m = �0.7 � (the thick black line) is time evolved with only pitch-angle
scattering acting (i.e., at a fixed radial distance with no adiabatic effects). At each time step, each m bin is
broadened by a Gaussian factor of s = 0.0022. The thin blue lines show the first 10 time steps. The thin
red lines show the distribution at intervals of 100 time steps. The thick red line shows the m distribution
after 1000 time steps, as it approaches isotropy.
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rate was used at all heliocentric distances. Thus this simu-
lation clearly demonstrates that adiabatic focusing can
dominate close to the Sun while scattering can take over
at larger heliocentric distances, even when there is no
explicit R-dependence in the scattering rate.

4. Matching Observations

[22] In this section, we vary the ad-hoc scattering rate to
best match the observed suprathermal electron evolution
reported by [Hammond et al., 1996]. We begin by matching
the observations of strahl broadening for 77 eV electrons.
Ideally, the scattering parameter, s, would be varied in the
simulations to fit the observations as a function of three
parameters: heliocentric distance, pitch angle, and helio-
latitude. However, the uncertainties in the current observa-
tional analysis are too large for such a method to provide a
meaningful result. Instead, since Hammond et al. [1996]
and Scime et al. [2001] found no heliolatitude dependence
to the suprathermal electron behavior, we investigate the
broadening of the strahl width at a fixed heliographic
latitude of 0� (i.e., approximately in the ecliptic plane).
We use a solar wind speed of 800 km/s, as the Hammond et
al. observations were limited to the fast solar wind. The
resulting model pitch-angle distributions are fit in the same
manner as in the Hammond et al. [1996] analysis of the
Ulysses observations (see section 2).
[23] For 77 eV electrons we find that a Gaussian scatter-

ing broadening of 0.0022 applied every time step gives a
close match to observations, as shown in Figure 4 (right).
This scattering rate is then applied to 115, 162 and 225 eV

electrons. The resulting strahl widths as a function of
heliocentric distance are shown in Figure 5 as solid black
lines. Higher (s = 0.0027, the black dashed lines) and lower
(s = 0.0017, the black dotted lines) scattering rates are
shown for reference. The red points show the width of the
strahl obtained from Ulysses observations, while the grey
shaded region shows the heliocentric distances at which
Hammond et al. [1996] reported a linear increase in strahl
width. A constant scattering rate of s = 0.0022 is able to
match the majority of the observations within the error bars.
[24] Even with a scattering rate independent of energy, an

energy dependence to the strahl width still arises in the
simulations, in same sense as that observed, solely from
time-of-flight effects: The scattering rate is constant, but for
a given pitch angle, higher energy electrons will move a
greater radial distance per unit of time, resulting in greater
adiabatic focusing. For the 0.0022 scattering factor, we find
the following energy dependence:

d FWHMð Þ
d Rð Þ ¼ 17 �=AUð Þ � 0:013E �=AU=eVð Þ ð6Þ

[25] The magnitude of the modeled energy dependence is
much weaker than the best fit by Hammond et al. [1996],
despite matching most of the observational data points
within the large uncertainty. The match for higher-energy
electrons in Figure 5, however, is systematically off, moving
from the bottom of the error bars upward with increasing
heliocentric distances, consistent with the weaker modeled
energy dependence. Further observations are clearly required

Figure 4. A numerical simulation of suprathermal electron strahl evolution with ad-hoc pitch-angle
scattering (s = 0.0022), in the same format as Figure 2, but with a linear y axis. As in the case of no
scattering, a narrow strahl is formed by 0.1 AU. However, the strahl then broadens significantly between
1 and 5 AU despite the fact that the scattering function has no explicit dependence on heliocentric
distance. The red points in the right show the width of the strahl obtained from Ulysses observations
[Hammond et al., 1996].
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to conclusively determine if there is an explicit energy
dependence in the scattering mechanism.

5. Discussion

[26] Suprathermal solar wind electrons are observed to
form a narrow strahl close to the Sun, but the strahl broadens
with heliocentric distance, presumably owing to pitch-angle
scattering opposing the tendency to focus through conser-
vation of magnetic moment. Via simple numerical simula-
tions of suprathermal electrons in a Parker spiral magnetic
field with an ad-hoc parameterization of pitch-angle scat-
tering, we find this behavior naturally arises without an
explicit distance dependence in the scattering mechanism.
[27] The reason for the switch from focusing to scattering

in the model is a simple geometric effect of the Parker spiral
magnetic field, as shown in Figure 6. For a given energy

and pitch angle, an electron has a particular speed along the
magnetic field. Close to the Sun, the field is almost radial,
giving the electron a nearly radial velocity. With distance
from the Sun the angle between the heliospheric magnetic
field and the radial direction increases, reducing the radial
component of an electron’s velocity: In a given time period,
an electron travels a smaller radial distance the further it is
from the Sun. Thus the focusing rate drops off with radial
distance, allowing scattering to become the dominant pro-
cess at large R, even though the scattering itself is indepen-
dent of R. We note that this effect should decrease with
increasing heliolatitude, as the spiral field becomes less
tightly wound. Such an effect has not been reported in the
observations, though it is difficult to separate distance and
latitude variations in the Ulysses data. This effect may merit
further investigation.

Figure 5. Suprathermal electron strahl width as a function of heliocentric distance for various electron
energies, in the same format as Figure 1. Solid black lines show the results of numerical simulations of
electron evolution with pitch-angle scattering tuned to match the 77 eV electron observations (i.e., s =
0.0022). Model results for higher (s = 0.0027, the black dashed lines) and lower (s = 0.0017, the black
dotted lines) scattering rates are also shown for comparison. A constant scattering rate of s = 0.0022
matches the majority of the observations within the observational uncertainties, although the decrease in
the gradient of the strahl width-distance relation with energy does not seem as marked as observed.
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[28] The simulations also show how time-of-flight effects
can result in the observed sense of energy dependence in the
strahl width even when the scattering rate is constant.
Quantitatively, however, we find this effect to be weaker
than observed, suggesting the existence of an explicit
energy dependence in the pitch-angle scattering mechanism,
with higher energy electrons undergoing less scattering, in
line with the 1-AU findings of Pagel et al. [2005, 2007], but
contrary to Pilipp et al. [1987], Ogilvie et al. [2000], and de
Koning et al. [2007]. The large uncertainty in the Hammond
et al. [1996] observations, however, makes a definitive
statement difficult. Further analysis of the available Ulysses
observations are required to conclusively determine the
energy dependence of the scattering process.
[29] Finally we note the possibility of heliospheric mag-

netic field lines being significantly longer [Ragot, 2006] or
shorter [Pei et al., 2006] than predicted by the Parker model
of the solar wind. Such effects would alter the scattering rate
required to match the observed strahl width. Furthermore,
for a constant scattering rate, it should change the energy
and latitude variations with strahl width. With additional
modeling and observations of suprathermal electrons, it may
be possible to place constraints on field-line length and
hence on turbulent processes in the solar wind. Thus by
determining the amount of scattering required to explain the
electron distributions at the Ulysses spacecraft between 3
and 5 AU from the Sun, our model provides an important
tool that can be utilized in future studies of electron

distributions to infer the large-scale properties and topolo-
gies of field lines in the interplanetary medium.
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Figure 6. An explanation for the switch from suprather-
mal focusing to strahl broadening with a constant scattering
rate. The thick red intervals along the spiral field line show
the distance an electron of a given energy can move in a
fixed unit of time, with red-shaded regions showing the
associated change in heliocentric distance. Close to the Sun,
field lines are nearly radial so that electrons experience a
large change in R and field strength per unit time and, thus,
strong adiabatic focusing. Far from the Sun, the angle
between the field and the radial direction is much larger so
that electrons experience a smaller change in field strength
per unit time and weaker focusing. Consequently, the strahl
broadens at greater heliocentric distances, although the
scattering rate is constant.
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