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Abstract Field-aligned beams of suprathermal electrons, known as “strahl,” are a frequently observed
constituent of solar wind plasma. However, the formation and interplanetary evolution of the strahl electron
populations has yet to be fully understood. As strahl electrons travel away from the Sun, they move into
regions of decreasing magnetic field strength and thus are subject to adiabatic focusing. However, the
widths of strahl pitch angle distributions observed at 1 AU are significantly broader than expected. Previous
investigations have found that the average observed strahl pitch angle width actually increases with
heliocentric radial distance. This implies that strahl electrons must be subjected to some form of pitch
angle scattering process or processes, details of which as of yet remain elusive. In this paper, we use Cassini
electron measurements to examine strahl beams across a distance range of approximately 8 AU, from its
Earth Flyby in 1999 until its insertion into orbit around Saturn in 2004. We find that, in general, there is a
relatively constant rate of broadening of strahl pitch angle distributions with distance between ∼ 1 and
5.5 AU. Our results from beyond this distance indicate that the strahl population is likely to be completely
scattered, presumably to form part of the halo. We find multiple energy dependences at different radial
distances implying that there are multiple strahl scattering mechanisms in operation.

1. Introduction

Decades of observations show that solar wind electron velocity distributions at ∼1 AU are made up of
three major constituents: one thermal (<50 eV) population referred to as the “core;” and two suprathermal
(∼70–1000 eV) electron populations known as “halo” and “strahl” [e.g., Feldman et al., 1975; Lin, 1998;
Maksimovic et al., 2005; de Koning et al., 2006]. The nature of these populations is illustrated in Figure 1.
Although anisotropies are common in the solar wind, the core and halo populations are generally observed
to be relatively isotropic compared to the strahl, which is composed of a strongly field-aligned beam of elec-
trons. Strahl electrons travel away from the Sun, along interplanetary magnetic field (IMF) lines and can be
observed in either the parallel or antiparallel magnetic field direction [e.g., Feldman et al., 1978; Pilipp et al.,
1987a] or indeed both directions in certain circumstances [e.g., Gosling et al., 1987].

Suprathermal electrons are thought to originate in the solar corona [e.g., Viñas et al., 2000; Štverák et al., 2008;
Che and Goldstein, 2014]. A number of mechanisms are invoked to explain the election populations’ formation
within the corona and existence within the solar wind and hence a firm consensus on their origin has yet
to be reached. Theoretical investigations into the evolution of electrons in the solar corona and solar wind
have shown that the formation of a suprathermal electron beam is due strong magnetic focusing effects [e.g.,
Pierrard et al., 2001; Smith et al., 2012; Landi et al., 2012]. The presence of an near-isotropic halo population in
the solar wind at 1 AU is then frequently explained by scattering of suprathermal electrons via wave-particle
interactions or by global reflection in the heliosphere [e.g., Smith et al., 2012; Landi et al., 2012]. However, a
recent investigation by Che and Goldstein [2014] into the effect of nanoflare acceleration on electron evolution
found that a core-halo feature could form before a strahl beam in the low corona near sector boundaries.
Moreover, Coulomb collisions were found to be insufficient to thermalize the distribution before the plasma
is advected into the solar wind. Che and Goldstein [2014] then suggest that although the halo could form in
the inner corona, some form of scattering is still required to counter adiabatic focussing and preserve the
halo population at larger radial distances. In order understand the processes surrounding the coronal origins
of suprathermals, it is necessary to first determine what processes affect the electrons on their journey away
from the Sun and thus to examine their evolution as they propagate outward through the heliosphere.
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Figure 1. An illustration of an typical solar wind electron 2-D velocity
distribution. The figure shows the electron number density (n) as a
function of velocity (vx and vy ). The direction of the magnetic field
(B) lying in this plane is shown by the orange arrow. The isotropic,
relatively cool, and dense population shown at the center of the
distribution is known as the core. The less-dense, relatively isotropic,
suprathermal population that extends out to higher velocities is
known as the halo. The strongly field-aligned beam of electrons
observed at suprathermal energies (velocities) is known as the strahl.

The majority of solar wind heat flux is trans-
ported by the outflow of suprathermal elec-
trons traveling away from the Sun, into
interplanetary space [e.g., Feldman et al.,
1975; Scime et al., 1994]. This is despite
the much lower relative number density
of the suprathermal populations (∼5% at
1 AU) as compared to the thermal core
[Feldman et al., 1975]. Recent investigations
have shown that the heat flux is closely
related to the relative drift between the
core and the halo populations [Bale et al.,
2013], which may be the relic of an elec-
tron two stream instability that develops in
the low corona [Che and Goldstein, 2014].
It has also been shown that when a clear
strahl beam is observed, the majority of
solar wind heat flux is carried by the strahl
electrons [Pilipp et al., 1987a]. Hence, strahl
behavior could provide insight into the
mechanisms related to the evolution of
solar wind heat flux.

Strahl is, by definition, strongly field-
aligned, and its constituent electrons have
a high velocity relative to the bulk plasma

flow. As a consequence, strahl electrons travel at high relative speeds along the Parker spiral field. Hence,
understanding unidirectional and bidirectional strahl trajectories can be used to determine large-scale IMF
topology and provide near-instantaneous indications of solar connectivity [e.g., Pilipp et al., 1987b; Owens
et al., 2008]. Bidirectional strahl are thought to be good indicators of newly formed magnetic loops and
have also been observed when suprathermal electrons are reflected at interplanetary shocks [e.g., Gosling
et al., 1987; Owens and Forsyth, 2013]. It has also been suggested that bidirectional electron heat flux events
are one of the more consistent signatures of coronal mass ejections, particularly at 1 AU [e.g., Gosling et al.,
1987]. More recently, the key role strahl pitch angle distributions can play in the determination of IMF global
topology was illustrated in a study by Li et al. [2016], which used predictions of suprathermal pitch angle
distributions to test the validity of a proposed IMF mapping technique.

1.1. Radial Evolution of Strahl
It is generally accepted that the strahl population consists of electrons with energies large enough to escape
the electrostatic potential of the Sun [Pierrard et al., 2001]. Once outside the Sun’s potential well, the elec-
tron collision frequency is reduced to a level that, in principle, allows both electron energy and magnetic
moment to be conserved [Hammond et al., 1996]. Electrons traveling outward into regions of decreasing mag-
netic field strength should therefore experience strong adiabatic focussing, resulting in the formation of a
highly field-aligned electron population [Owens and Forsyth, 2013]. Indeed, it has been shown that strong
adiabatic focussing can produce a clear strahl signature in the electron distribution function within as lit-
tle as 10 solar radii, when constrained by typical coronal hole conditions [Smith et al., 2012]. It thus follows
that in the absence of other influences, the strahl beam should continue to narrow with heliocentric distance
and become highly collimated within ∼ 0.5 AU [Owens et al., 2008]. However, strahl beams observed in the
near-Earth solar wind have been shown to have a pitch angle width that is larger than predicted for adiabatic
focussing to be the sole effect experienced by the strahl, with a range of at least 5–90∘ [Anderson et al., 2012].
This implies that strahl electrons must be subject to some form of scattering process as they travel outward
from the Sun.

The majority of strahl studies have been based upon observations close to 1 AU. However, there are two key
results regarding strahl evolution over heliocentric distances large enough to observe radial trends. First, aver-
age strahl pitch angle width increases with radial distance from ∼ 1 to 2.5 AU [Hammond et al., 1996]. Second,
the strahl population has been observed to decrease relative to the halo population with heliospheric distance
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[e.g., Maksimovic et al., 2005; Štverák et al., 2009]. These results imply that strahl electrons are scattered as they
travel outward away from the Sun, until eventually they form part of the diffuse halo population. These statis-
tical trends are supported by direct observations of intense scattering of strahl electrons to form a proto-halo
population at 1 AU [Gurgiolo et al., 2012].

Solar wind plasma is too tenuous for Coulomb collisions to produce the scattering effect necessary to match
suprathermal electron observations [e.g., Hammond et al., 1996; Vocks et al., 2005]. At 1 AU the mean free path
is comparable with the typical length scales of the system [Štverák et al., 2008]. As a consequence, numer-
ous investigations have concluded that the strahl scattering mechanism(s) must involve electron interaction
with plasma waves rather than via collisions [e.g., Saito and Gary, 2007; Pagel et al., 2007]. The exact nature of
the scattering process or processes remains elusive, but previous studies invoke an interaction with whistler
mode waves as being primarily responsible [e.g., de Koning et al., 2006; Pagel et al., 2007; Anderson et al., 2012].
It should also be noted that it is not known whether these scattering processes operate continuously or
intermittently throughout the heliosphere.

The nature and heliospheric locations/conditions of the strahl scattering process(es) have significant implica-
tions for the applicability of strahl trajectories as tool for inferring IMF topology. For example, the bidirectional
signature associated with IMF loops may often be scattered to the extent that is lost [e.g., Hammond et al.,
1996; Maksimovic et al., 2005; Owens et al., 2008]. This is particularly relevant for the sunward component of
bidirectional strahl as it is traveling into regions or increasing magnetic field strength and therefore will expe-
rience broadening due to conservation of magnetic moment. Establishing the bounds of their utility for IMF
topology determination through further investigation into the radial variability of strahl signatures is therefore
highly desirable.

1.2. Energy Dependence of Strahl Pitch Angle Width
In order to ascertain the nature of the strahl scattering mechanism(s), it is necessary to understand pertinent
energy relations, particularly if resonant wave-particle interactions play an important role. There are multiple
different and seemingly contradictory findings with regard to the variation of strahl pitch angle width as a
function of electron energy. It has been shown that at a fixed radial distance:

1. Strahl pitch angle width decreases with increasing electron energy [e.g., Feldman et al., 1978; Pilipp et al.,
1987a; Fitzenreiter et al., 1998].

2. Strahl pitch angle width increases with increasing energy [Pagel et al., 2007].
3. At a given time, it is equally probable that strahl width could increase or decrease with increasing electron

energy [Anderson et al., 2012].
4. There is no strong correlation between strahl width and electron energy [Hammond et al., 1996].
5. Strahl pitch angle distributions are narrower in the fast solar wind than the slow solar wind but both types

of solar wind display the same energy relation, which is strahl pitch angle width decreasing with increasing
electron energy [Fitzenreiter et al., 1998].

6. Proximity to interplanetary magnetic field (IMF) sector boundaries results in strahl pitch angle distribution
broadening that is independent of electron energy [Pilipp et al., 1987b].

For distances beyond 1 AU, it has been shown that the increase in strahl pitch angle width with radial distance
is energy dependant and that low-energy electrons display greater broadening per astronomical unit than
higher energies [Hammond et al., 1996]. The above results make it apparent that there is no clear consensus
regarding the strahl pitch angle scattering mechanism, as there is no clear consensus on strahl behavior. It
should be noted that the results obtained in the Hammond et al. [1996] study were derived from Ulysses obser-
vations over a wide range of heliospheric latitudes as well as radial distances, and that there were indications
that latitude variations may have some effect on strahl pitch angle distributions.

The different energy relations previously reported suggest that multiple scattering mechanisms may be
present in the solar wind. However, it is unknown whether there is a scattering mechanism that plays a domi-
nant role in the evolution of strahl, or indeed, whether the scattering is a continuous process or intermittently
occurring when conditions in the solar wind are favorable. Accordingly, a variety of resonant and non-resonant
wave-particle interactions have been proposed to be responsible. However, whistler mode waves are often
proposed as the most likely scattering mechanism [e.g., Fitzenreiter et al., 1998; Hammond et al., 1996;
de Koning et al., 2006; Anderson et al., 2012]. This is supported by multiple spacecraft observations of
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whistler-like fluctuations in the solar wind, such as the statistical study by Lacombe et al. [2014] which found
right-handed, circularly polarized, quasi-parallel fluctuations in ∼ 10% of solar wind data. Whistler mode
waves are also an appealing solution to these seemingly contradictory energy dependence observations, as
whistler mode scattering due to resonant interaction with electrons has been theorized to result in different
strahl width versus energy relations, depending on the source of the whistler fluctuations [Saito and Gary,
2007, and references therein]. It has been proposed that a broadband whistler spectrum resulting from tur-
bulent cascade could produce strahl with a beam width which increases with strahl energy [Saito and Gary,
2007]. Conversely, the same study proposed that a core electron temperature anisotropy (T⟂∕T∥ >1) would
lead to excitation of the whistler anisotropy instability and thereby producing enhanced whistler fluctuations
that result in strahl width which decreases with strahl energy.

1.3. Motivation for This Study
It has been shown by Owens et al. [2008] that in the presence of a constant scattering rate, independent of time,
heliocentric distance, and electron energy, the geometric effect of a Parker spiral IMF can, to a certain extent,
explain why adiabatic focussing dominates closer to the Sun (within ∼ 20 Rs), whereas at larger heliocen-
tric distances pitch angle scattering becomes more influential. This is because the Parker spiral IMF becomes
less radial at distances further from the Sun and so for a given unit of time/unit distance along an IMF line,
a field-aligned electron further away from the Sun experiences a smaller decrease in magnetic field strength
but the same constant scattering rate. It has also been shown by Owens et al. [2008] that that time-of-flight
effects could account for some of the apparent energy dependence of strahl pitch angle distribution broad-
ening described. As electrons with greater velocities travel further along an IMF line in a given unit of time
and therefore experience a larger decrease in magnetic field strength and greater adiabatic focussing effects
[Owens et al., 2008]. This study also suggested that this effect should decrease with increasing heliolatitude,
as the Parker IMF becomes less tightly wound.

Indications of strahl electrons have been found as far out at ∼10 AU by Walsh et al. [2013] using the Cassini
spacecraft. Walsh et al. [2013] found that the estimated strahl pitch angle width was narrower than predicted
by extrapolation of previous observations from within 2.5 AU. Hence, it was concluded that the rate of scatter-
ing must decrease with increasing radial distance. It was also suggested that this finding was consistent with
whistler mode wave interaction as the primary strahl pitch angle scattering mechanism, since the effective-
ness of whistler mode scattering depends on the available wave power below the electron gyrofrequency,
and both wave power and the electron gyrofrequency decrease with radial distance [Hu et al., 1999; Vocks
et al., 2005].

Given the contradictions and open questions discussed above, a consistent measurement of suprathermal
electron distributions across a wide range of heliospheric distances is needed in order to resolve these
ambiguities. In this paper, we use Cassini electron spectrometer and magnetometer cruise phase and flyby
data, from ∼1 to 9 AU, in order to investigate the radial evolution of strahl near the equatorial plane of the
heliosphere. By using data from the same instrument across a radial distance range of 8 AU, we are able to
extend previous studies of strahl evolution without the additional complications of cross-calibrating multiple
spacecraft data sets. Moreover, by using the Cassini mission in particular, we are able to avoid any possible
heliospheric latitudinal dependencies on strahl evolution. In this way, we link the numerous previous studies
of strahl made within 4 AU with those of Walsh et al. [2013] and investigate whether the indications of strahl
at 10 AU are indeed statistically likely.

2. Instrumentation

The Cassini-Huygens mission to explore the Kronian System began on 15 October 1997 when the spacecraft
was launched from Cape Canaveral, Florida. Cassini entered its first orbit around Saturn approximately 7 years
later on 1 July 2004, after traveling a distance of 3×109 km [Matson et al., 2003]. Figure 2 shows the spacecraft
trajectory from launch to the end of 2004. During its interplanetary journey, the Cassini spacecraft performed
both Earth and Jupiter flybys, during which scientific data from the Cassini Plasma Spectrometer (CAPS) [Young
et al., 1998] and the dual-technique magnetometer (MAG) [Dougherty et al., 2004] were obtained. There are
also intervals during the cruise phases between planetary observations during which CAPS and MAG were
both acquiring data. This is illustrated in Figure 2, which show the Cassini interplanetary trajectory projected
onto the heliocentric inertial x-y plane. Sections marked in red show where the data necessary to conduct
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Figure 2. The trajectory of Cassini en route to Saturn from 16 October 1997 to 31 December 2004, as projected onto
the Heliocentric Inertial (HCI) X-Y plane. The red line represents sections where and both CAPS ELS and MAG FGM were
collecting data. The Sun is represented by a orange star, and the approximate orbits for Earth, Jupiter, and Saturn are
shown by grey dash-dotted lines. The Earth flyby (closest approach) took place on 18 August 1999, the Jupiter flyby
(closest approach) took place on 30 December 2000, and the Saturn orbit insertion took place on 01 July 2004.

this study were available. This study uses data from CAPS electron spectrometer (ELS) and MAG, obtained as
Cassini traveled to Saturn, in order to achieve a large heliocentric radial range of ∼1–9 AU, while remaining in
the ecliptic plane.

Electron measurements are provided by the ELS sensor for CAPS, which is a hemispherical top hat electrostatic
analyzer [Young et al., 1998]. CAPS ELS has an energy/charge response range of∼0.5–27,000 eV/e is composed
of eight anodes, providing an instantaneous field of view (FOV) of 5.2∘ in the azimuthal direction and ±80∘ in
elevation (20∘ per anode) [Linder et al., 1998]. The ELS is mounted with the other CAPS sensors, on a rotating
platform driven by a motor actuator, that is able to sweep through ∼200∘ in the ELS azimuthal direction in
approximately 3 min [Young et al., 2004]. Although, it should be noted that this is the maximum actuation
range and it is not always implemented. The ELS has a cadence of 2 s and 63 energy bins; however, the time
and/or energy resolution of the data were sometimes reduced by summing over several energy sweeps and/or
pairing energy bins if CAPS ELS was assigned low telemetry priority [Young et al., 2004; Arridge et al., 2009]. For
example, during the Earth flyby, the actuator only sweeps through 120∘ and the temporal cadence was limited
to ∼10 s [Rymer et al., 2001]. It should also be noted that other instruments on board the Cassini spacecraft
intrude upon the CAPS ELS FOV (see Young et al. [2004], for more details) and that when using CAPS ELS data,
the background count rate resulting from Cassini’s radiation sources must also be accounted for (see Arridge
et al. [2009], for more details). In order to determine electron pitch angle distributions, the ELS observations are
related to the concurrent magnetic field direction. Measurements are provided by the fluxgate magnetometer
(FGM) for MAG [Dougherty et al., 2004]. The FGM is mounted midway along the 11 m magnetometer boom,
and we use 1 s cadence data throughout this study.

3. Method
3.1. Determining Suitable Periods for Strahl Pitch Angle Width Observations
Reliable measurement of strahl beam width requires that two key criteria are fulfilled. First, the observa-
tions were made while Cassini was in the “pure” solar wind. Second, the selected suprathermal electron pitch
angle distributions must cover the full range of 0–180∘, such that strahl can be clearly resolved. The first
condition was fulfilled by removing times when Cassini is behind a planetary bow shock from the data set.
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For details of when Cassini was not in the solar wind we refer the reader to Rymer [2004], Arridge et al. [2006],
and Achilleos et al. [2006]. An outline of how the second requirement was achieved from available observations
is described below.

As established in section 2 the ELS FOV coverage is variable. This means that for one energy sweep, or even
one actuation, the observed electron distribution may not always contain the full electron pitch angle range
required to determine the characteristics of the strahl component. Therefore, in order to assemble full and
representative 180∘ pitch angle distributions using CAPS ELS, we identified individual parcels of relatively con-
sistent solar wind, in which the CAPS ELS sensor has sufficient time to sample the full pitch angle distribution,
while the plasma parameters remain comparatively steady.

It has been suggested [Borovsky, 2008] that the solar wind is made up of a network of entangled magnetic “flux
tubes,” each containing a distinct solar wind plasma population, and that these flux tubes are fossil structures
originating from the solar corona. In this scenario, there should be limited changes in the plasma properties
or behavior within a particular flux tube. Hence, the electron data recorded between the flux tube boundaries
should be suitable for averaging over the longer periods of time required to obtain a distribution which covers
the full pitch angle range. This approach is a means of minimizing the potential aliasing of the measured
properties of two or more distinct plasma populations.

Borovsky [2008] showed that detection of large changes in the magnetic field direction and/or solar wind
velocity can be used as a method for determining spacecraft crossing of a flux tube wall. However, due to
limitations of the FOV outlined above, it is not always possible to determine the solar wind bulk parameters
using Cassini CAPS. Thus, in order to perform our study of strahl over large heliospheric distances, we sim-
ply apply the magnetic criterion described in Borovsky [2008] to identify periods in which we might expect
relatively steady electron populations. Neugebauer and Giacalone [2015] suggested that magnetic field mag-
nitude changes are associated with tangential discontinuities more likely to originate in solar corona and
therefore be associated with flux tube walls as opposed to rotational discontinuities that are associated with
turbulence. Hence, we also implement an ancillary magnetic field magnitude criterion taken from Neugebauer
and Giacalone [2015]. The criteria used in this study for flux tube wall determination based on changes in the
magnetic field are as follows:

Δ𝜃 = cos−1

(
B̄inst ⋅ B̄av

∣ B̄inst ∣∣ B̄av ∣

)
> 60∘ (1)

∣ B̄inst − B̄av ∣
∣ B̄inst ∣

> 0.2 (2)

whereΔ𝜃 is the angular change in the magnetic field vector, B̄inst is the instantaneous 1 s resolution magnetic
field vector, and B̄av is the calculated running average for the time period required for the actuator to sweep
through ∼180∘.

3.2. Strahl Pitch Angle Observations Within a Solar Wind “Flux Tube”
The adapted flux tube criteria specified above were used to identify solar wind flux tube boundaries observed
by Cassini for all time periods where both MAG and ELS data were available during its interplanetary journey
(Figure 2). We then subtract the look direction and time-dependent background level count rate from the ELS
data within each flux tube [Arridge et al., 2009] and remove the data from obstructed parts of the FOV [Walsh
et al., 2013]. No spacecraft potential information is available, and so no photoelectron contamination correc-
tion was made to the data. However, photoelectron contamination is unlikely at suprathermal energies, and
so this is not expected to affect our results [Walsh et al., 2013]. For each ELS measurement we determine the
pitch angle of the center of each anode based on the orientation of the anode relative to the magnetic field
direction. These count rate measurements are then averaged into 10∘ wide pitch angle bins within each flux
tube over the given time period detailed below. In order to achieve reasonable counting statistics while main-
taining acceptable errors, the ELS data within each 10∘ pitch angle bin was subjected to a count rate criterion;
all pitch angle bins must contain a sufficient number of individual count rate observations to produce an error
for the mean count rate observation of ⩽ 10%. We calculate the percentage propagated error (𝜎% prop) for the
mean count rate for each bin as follows,

𝜎% prop = 1
m

√∑
m=1

(
𝜎

x

)2
(3)
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Figure 3. Electron pitch angle distribution observed at a heliocentric radial distance of (a) 1.0 AU and (b) 4.8 AU, plotted
in units of eV m−2 sr−1 s−1 eV−1 (differential energy flux), for the CAPS ELS energy bin with central energy of 235.0 eV.
Each data point represents the mean DEF determined for a 10∘ pitch angle bin. The solid line is a double Gaussian (one
centered at 0∘ pitch angle and the other at 180∘) plus a constant background term, fitted to the data using a non-linear
least squares fit method [Markwardt, 2009]

where m is the number of observations, x is measured count rate, and 𝜎 is the count rate error (equivalent to
the Poisson error on the count rate). The required number of observations (mreq) for each 10∘ pitch angle bin
is therefore given by,

mreq = 10

√∑
m=1

(
𝜎

x

)2
(4)

In this way, we are able to determine the shortest periods of data accumulation within a flux tube which are
able to satisfy the criterion and we are able to average individual observations within these periods to produce
as many statistically valid pitch angle distributions within a flux tube and hence between 1 and 9 AU as the
data set can support. It should be noted that if the entire time within the flux tube was not enough to satisfy
this criterion, then data obtained within this flux tube was rejected from our analysis. Finally, data from periods
with telemetry modes resulting in reduced time resolution of CAPS ELS were included, but no data was used
from periods with reduced energy resolution, in order to maintain consistent energy bins.

For each individual event that satisfied the criterion above, fits to the differential energy flux as a function of
pitch angle were made for each suprathermal electron energy bin. The function chosen for fitting consisted
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of the sum of two Gaussians, one centered on 0∘ pitch angle and the other on 180∘, and a constant back-
ground. The full width half maximum (FWHM) of each Gaussian peak was then used as a measure of the
width of the parallel (0∘), antiparallel (180∘), or bistreaming strahl beam, while the constant term repre-
sents an isotropic halo population, a method which has been implemented in multiple previous studies [e.g.,
Hammond et al., 1996; Anderson et al., 2012]. It should be noted that this fitting method means that halo tem-
perature anisotropies are not considered in this study. However, we also only examine results where the fitted
peak flux in at least one of the Gaussians is a minimum of 2 times greater than that of the background [e.g.,
Anderson et al., 2012]. Distributions with a FWHM> 180∘ are not considered to contain strahl beams, as the full
pitch angle distribution range is 180∘, and thus, larger values represent an almost isotropic distribution [e.g.,
Hammond et al., 1996; Anderson et al., 2012]. In the case where a bidirectional strahl is found using the fitting
technique, the most intense strahl beam is chosen for use in our analysis. This choice is made as it is likely that
broader strahl in a counterstreaming event has traveled either along the longer path of a closed IMF loop,
along an IMF loop in the Sunward direction and therefore experienced adiabatic broadening, or has been
reflected back off of an upstream shock [Gosling et al., 1993]. Hence, for these reasons, we compare the more
intense strahl beam in a counterstreaming event to those events with unidirectional strahl. It is possible that
the strahl beams may have been exposed to different scattering regimes along the different legs of a closed
IMF loop. Hence, a future investigation that solely examined the radial evolution of bidirectional strahl would
be informative. However, this would be challenging due to the relatively low occurrence of bidirectional strahl
which are generally observed ∼ 10% of the time in the solar wind whereas a single strahl beam is observed
∼ 65% of the time [Anderson et al., 2012]. Two representative electron pitch angle distributions that fulfill our
analysis criteria and demonstrate our fitting technique are shown in Figures 3a and 3b. Both example distri-
butions are for the CAPS ELS energy bin with a central energy of 235.0 eV. Figure 3a shows field-aligned strahl
observed at ∼1.0 AU, and Figure 3b shows broader, anti-field-aligned strahl observed at ∼4.8 AU.

4. Results

In order to characterize the evolution of strahl beam width with heliocentric radial distance, we applied the
criteria specified in section 3 to all periods during Cassini’s interplanetary journey for which both ELS and MAG
data were available (Figure 2). Figure 4 shows the median strahl electron pitch angle width, and median abso-
lute deviation, as a function of radial distance for CAPS ELS energy bins with central energies ranging from
∼70 to 600 eV. The upper bound of this energy range is chosen as count rates for ELS were too low to con-
struct statistically acceptable pitch angle distributions above ∼600 eV, in particular at large radial distances.
The lower energy bound was chosen to allow direct comparison with observations made in previous strahl
investigations [e.g., Hammond et al., 1996]. The median value is obtained from radial distance bins of 0.5 AU
width and was chosen over the mean to reduce the influence of skewed data and/or statistical outliers.

Examination of Figure 4 shows that, in general, strahl width increases with radial distance from ∼1 to 5.5 AU.
This is in agreement with previous pitch angle width trends determined using Ulysses observations from ∼1
to 2.5 AU [Hammond et al., 1996]. However, it should be noted that many of our results diverge from a linear
increase with radial distance after ∼3 AU, with some energies, such as ∼320 eV, displaying variable median
pitch angle width and others, such as ∼380 eV, displaying a more asymptotic trend. Most observations made
beyond ∼5.5 AU were not suitable for our analysis because they did not fulfill the measurement criteria out-
lined above (section 3.2). Therefore, the rate of pitch angle scattering beyond this distance remains unknown
and we focus on the measurements within ∼5.5 AU. It should also be noted that some radial distances have
been omitted due to a lack of available data.

The variation of strahl beam width with electron energy for a given radial distance is shown in Figure 5. From
top to bottom, Figure 5 presents the median strahl width as a function of electron energy for radial distances of
5.5, 5, 4.5, 3, and 1 AU, normalized to the maximum value observed at that radial distance. At both 1 and 4.5 AU
two relatively clear energy relationships can be observed. For lower electron energies (∼70–150 eV), there
appears to be an inverse relationship between strahl width with electron energy, whereas for higher ener-
gies (∼200–600 eV), strahl widths increase with electron energy. However, we note here that the computed
uncertainties are large, and hence, we cannot make any quantitative conclusions on these relationships. The
results obtained at 3 AU are less clear, although there is a sharp increase in strahl width observed for the low-
est strahl energies (up to ∼120 eV). Following that there is an approximately uniform strahl width with energy
which may show signs of a slight peak at ∼300 eV electrons. Slight peaks can also be seen in the results from
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Figure 4. Strahl electron pitch angle width as a function of radial distance for CAPS ELS energy bins with central
energies ranging from 67.15 to 601.8 eV. The plot shows median strahl width versus radial distance for 0.5 AU bins. The
color-filled polygons represent the median absolute deviation.

5 AU, for ∼100 eV electrons, although we note here again that the uncertainties in Figure 5 are quite large,
and hence, these relationships are merely indicative. The results from 5.5 AU show an approximately uniform
strahl width with energy.

Figure 6 shows a direct comparison of pitch angle width results for the common energy channels of Ulysses
[Hammond et al., 1996] and Cassini. The radial changes in strahl pitch angle width determined in our study
were fitted by a linear function using a least squares fit method. Examination of the fits reveals that a linear
increase in median strahl pitch angle with radial distance is appropriate for all compared energies. The rate
of increase in strahl pitch angle width with radial distance, obtained using Ulysses observations, was found
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Figure 5. Strahl electron pitch angle width versus electron energy for (fifth panel) 1 AU to (first panel) 5 AU. The error
bars plotted represent the median absolute deviation. The solid lines are a 3-point smooth of the data and are used only
to highlight the trends observed. The values are normalized to the maximum strahl pitch angle width at each radial
distance; the values of which are written in the bottom right of each panel.
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Figure 6. Strahl electron pitch angle width as a function of radial distance for CAPS ELS energy bins with central
energies 78.18 (purple), 107.4 (blue), 171.7 (orange), and 235.0 eV (red). Each panel shows median strahl width versus
radial distance for 0.5 AU bins. The error bars plotted represent the median absolute deviation; the solid lines are a linear
fit to the results and the color-filled polygons show the 1𝜎 errors for the linear fits. The dashed lines represent the
extrapolated Ulysses results for 77, 115, 162, and 225 eV from Hammond et al. [1996], and the grey-filled polygons
represent their reported errors.

to have an inverse relationship with energy [Hammond et al., 1996]. Whereas over the common energy range,
our results do not demonstrate this trend. This can be seen more clearly in Figure 7, discussed below.

A comparison with previous results of the change in strahl width with radial distance as a function of energy
is shown in Figure 7. Our results are shown (black solid line + blue errors) together with the relations derived
observationally (red dashed line) by Hammond et al. [1996] and via modeling (orange dashed line) by Owens
et al. [2008]. We fit our results with a linear function using a least squares fit method as previously detailed
(black dashed line + black dotted errors). We find that there is a slight increase in strahl pitch angle scattering
rate with increasing electron energy. This is in contrast to the results of Hammond et al. [1996] and Owens et al.
[2008], which showed an increase in width with radial distance that monotonically decreased with electron
energy. However, it must be noted that observational results obtained by Hammond et al. [1996] have a
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Figure 7. Variation in strahl width per unit distance as a function of electron energy, obtained from the linear fits to the
strahl width versus radial distance distributions. The results from this study are represented by the solid black line, and
the blue-filled polygon shows the 1𝜎 errors for the linear fits. The red dashed line represents the extrapolated Ulysses
results reported by Hammond et al. [1996]. The orange dashed line represents the extrapolated Owens et al. [2008]
results obtained through an empirical model based on the Hammond et al. [1996] observations. The black dashed line is
a linear fit to the results from this study, and the black dotted line represents the 1𝜎 error for the fit.

significantly steeper decrease with energy than the modeling results obtained by Owens et al. [2008]. We
discuss the ramifications of this in the following section.

5. Discussion

In this study we present observations of strahl pitch angle width evolution as a function of radial distance and
electron energy over radial distances from∼1 to 5.5 AU. We used data obtained by the Cassini spacecraft across
its interplanetary voyage to the Kronian system in order to characterize changes in the strahl distributions
over a heliocentric radial range that is significantly wider than previously studied [e.g., Hammond et al., 1996].
By using Cassini, we are able to minimize the effects of variable heliospheric latitudes, which has been invoked
as a potential influence on electron observations [e.g., Hammond et al., 1996; Owens et al., 2008] or indeed
the potential difficulties associated with intercalibration of multiple spacecraft datasets [e.g. Maksimovic
et al., 2005].

In order to derive clear strahl signatures using Cassini CAPS ELS, several assumptions were required. Most
importantly, we assume that the solar wind can be considered to be made up of a tangled network of fossil
flux tubes, which originate in the corona and expand outward with the solar wind flow [e.g., Borovsky, 2008;
Neugebauer and Giacalone, 2015]. Some studies that have argued that these “flux tube boundaries” are more
likely to be structures that develop in transit due to turbulence [e.g., Owens et al., 2011]. However, whether
the boundary forms in the corona or develops further out into interplanetary space is not critically impor-
tant for our analysis. We simply use these IMF discontinuities in order to distinguish between regions which
have relatively steady electron populations and therefore can support the longer-term averaging needed to
derive full pitch angle distributions from Cassini. It should also be noted that identifying IMF discontinuities
is not the only method of finding flux tube boundaries and that observed changes in other parameters, such
as solar wind bulk velocity [Borovsky, 2008] are often used in conjunction with magnetic field information.
Since Cassini CAPS has a limited FOV (see section 3), the derivation of accurate solar wind bulk parameters,
such as density, temperature, and velocity, is more often than not impossible or else relies heavily on assump-
tions [e.g., Paschmann et al., 2000; Rymer, 2004; Lewis et al., 2008]. Thus, one important aspect not accounted
for in this study is the previous observation that strahl pitch angle width is narrower in high speed solar
wind streams [e.g., Feldman et al., 1978; Fitzenreiter et al., 1998; Anderson et al., 2012]. As no bulk parameters
are routinely available from Cassini, we cannot make any statistical conclusions on the radial dependence of
strahl that separate any potential effects of the fast and slow solar wind on the evolution of electron pitch
angle distributions.
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Figure 8. (a) The percentage of total events examined (i.e., that pass the acceptance criteria specified in section 3.2)
for each central energy as a function of radial distance. Each energy is represented by a different color ranging from
67.15 eV (purple) to 601.8 eV (red). (b) The fraction of events examined at each radial distance that have a pitch angle
width ≤180∘ and therefore can be considered to be a beam, against radial distance. Each central energy is represented
by a the same color as in Figure 8a.

Although our study ranges across 1 to 9 AU, there are very few events beyond 5.5 AU that fulfill our accep-
tance criteria, as outlined in section 3.2. The events that were considered acceptable for examination because
they fulfilled the count rate criteria and the beam-like distribution criteria are shown in Figures 8a and 8b. This
can be seen in Figure 8a which shows the percentage of total events examined for each central energy as a
function of radial distance. This plot shows that the majority of events examined in this study are near the
Earth and Jupiter flybys. It can also be seen that for higher-energy electrons, the percentage of total events
examined drops off more rapidly with radial distance, most likely because of low count rates. Figure 8b shows
that the fraction of pitch angle distributions examined which have a FWHM <180∘ also falls with radial dis-
tance, e.g., dropping from ∼0.95 to 0.60 by 5.5 AU for ∼120 eV. Hence, we are only able to derive median
strahl pitch angles for ∼1–5.5 AU, and thus, we conclude that at larger radial distances, the strahl is most
likely completely scattered to form part of the halo population. This is consistent with previous observations
of pitch angle width broadening with radial distance from ∼ 1 to 2.5 AU [Hammond et al., 1996] and obser-
vations of halo to strahl relative number density increasing with radial distance [e.g., Maksimovic et al., 2005;
Štverák et al., 2009]. There is a notable decrease in the number of beam-like distributions at 5 AU, which is
particularly pronounced for higher electron energies, and suggests that solar wind conditions at this distance
may have been favorable for strahl scattering. Further analysis to find estimations of the prevailing solar wind
conditions experienced at the time, including a detailed analysis of the magnetic fluctuations observed, may
provide some insight into this deviation. The gradual increase of median pitch angle width over a large radial
range also has implications regarding the formation of the halo. The implication being that for an approxi-
mately isotropic halo to be observed at 0.3 AU [e.g., Štverák et al., 2008] to be solely a result of scattering of a
suprathermal beam, much stronger scattering affects would need to be acting closer to the Sun. Extrapolation
of linear fits to the data from Figure 4 suggests that by 10 AU, the majority of strahl will have been scattered
to pitch angle widths >180∘. This implies that indications of strahl found at ∼10 AU [Walsh et al., 2013] are
more likely to be the result of a halo temperature anisotropy, than any field-aligned electron beam. However,
it should be noted that our study is concerned with average strahl behavior, whereas the results obtained at
10 AU were the result of an extended case study. Hence, our findings do not completely discount the possi-
bility that strahl, subjected to fewer scattering events than average, may have been observed at 10 AU during
the four day interval considered by Walsh et al. [2013].

In general, strahl pitch angle width increases with heliocentric radial distance from ∼ 1 to 5.5 AU, in keep-
ing with previous observations of strahl pitch angle width from ∼ 1 to 2.5 AU [Hammond et al., 1996]. This
implies that strahl is subjected to pitch angle scattering throughout the radial distances that Cassini samples.
However, we cannot conclude as to whether scattering is a relatively continuous or intermittent process as, in
this paper, we solely investigate general trends of electron evolution. We observe a generally constant pitch
angle width increase with distance for each energy, though with significant spread and variation at certain
energies (see Figure 4). However, it should be noted that although the IMF is generally well described by the
Parker model [e.g., Burlaga et al., 1998; Forsyth et al., 1996], the magnetic field orientation can also deviate sig-
nificantly [e.g., Borovsky, 2010]. This has implications for the consistency of adiabatic focussing experienced
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by the electrons, as a more radial (less radial) IMF would result in greater (lesser) narrowing of the strahl beam
per unit radial distance, as the change in field strength per unit radial distance is greater for a more radial field
[e.g., Owens et al., 2008]. It is also possible that there may be more than one scattering mechanism acting on
the electrons with different mechanisms being more dominant at different radial distances, which may also
explain the significant variation seen for some of the electron energies shown in Figure 4 after ∼ 3 AU.

In this study we observe different energy relations for strahl pitch angle width at different radial distances (see
Figure 5). We find that pitch angle width as a function of energy is approximately constant for higher energies
at 5 AU and across all energies at 5.5 AU, but that some slight peaks are observed for particular strahl energies
at 3 and 5 AU, which may indicate slight preferential scattering for a particular energy. We also find that at both
1 and 4.5 AU, there is a relatively clear decrease in strahl width with energy for lower energies and the increase
in strahl width with energy for higher energies. It is important to note that the inherent variability of strahl has
resulted in quite large uncertainties in Figure 5. Narrowing pitch angle width with increasing strahl energy
has been found by multiple solar wind electron investigations at 1 AU [e.g., Feldman et al., 1978; Pilipp et al.,
1987a; Fitzenreiter et al., 1998]. Pitch angle narrowing is thought to be consistent with the theoretical proposal
of resonant interaction with whistler mode waves generated via a core electron temperature anisotropy as
the strahl pitch angle scattering mechanism [Saito and Gary, 2007]. Strahl width that increases with increasing
energy has also previously been observed, during periods of enhanced turbulence within the low-frequency
whistler regime [Pagel et al., 2007]. An increasing width with energy is theorized to correspond to resonant
scattering due to enhancements in the broadband spectra of whistler fluctuations that persist in the solar
wind [Vocks et al., 2005; Saito and Gary, 2007]. The variation in energy relations observed and the significant
uncertainties found suggests that there are multiple scattering mechanisms affecting the strahl population
in the solar wind across multiple distances. These mechanisms are likely to produce competing effects on the
energy relation of strahl width. This is in line with statistical findings at 1 AU which demonstrated that at any
given time, it was equally probable to observe strahl that either broadened or narrowed with electron energy
[Anderson et al., 2012].

Previous results have shown that beyond 2.5 AU, there are indications that the increase in strahl width with
radial distance falls off, such that at beyond a certain distance, it was expected that strahl width may remain
approximately constant [Hammond et al., 1996]. Our results extend out to 5.5 AU and demonstrate that strahl
pitch angle widths continue to increase over this entire radial range. We note here that Hammond et al.
[1996] used Ulysses data over a large heliolatitude range of +30∘ to −50∘. Moreover, as the IMF becomes less
tightly wound (more radial) as heliolatitude increases [Forsyth et al., 2002]. Therefore, any change in heliolati-
tude would affect the adiabatic focussing experienced by strahl electrons [Owens et al., 2008], narrowing the
expected strahl widths at higher heliolatitudes. Due to Cassin’s near-equatorial trajectory, the observations
reported in this study were obtained with minimal latitudinal variation. Hence, the discrepancy between our
results and Hammond et al. [1996] is likely due to the differing heliolatitude range covered by of the spacecraft.

A direct comparison between previous Ulysses results [Hammond et al., 1996] and the results obtained in this
study using Cassini is shown in Figure 6. Our results lie within the errors of previous estimates of strahl pitch
angle width evolution, although we note here that previous errors (grey-filled area) are somewhat larger than
those calculated within this study. Hence, we believe that we provide a reliable and robust linear relationship
between strahl pitch angle width with radial distance over a large (4.5 AU) radial range. As can be seen in
see Figure 6, and indeed more clearly in Figure 7 (red dashed line), the results obtained by Hammond et al.
[1996] show an increase in pitch angle width per unit radial distance that decreased with electron energy. This
is in contrast to our results, as we observe the opposite trend, with higher-energy strahl beams broadening
slightly more per unit distance than for lower energies. We discuss the implications on the potential scattering
mechanism of strahl below.

Figure 6 also shows the increase in strahl width per astronomical unit as a function of energy for the mod-
eled results of Owens et al. [2008], based upon empirical fits to data within 2.5 AU presented in Hammond
et al. [1996]. The increase in strahl pitch angle width with distance obtained by Owens et al. [2008], for ∼80 eV
strahl is approximately the same as the observational results obtained in this study for the same energy,
which in turn is of course consistent with the results of Hammond et al. [1996]. Extrapolation of the modeled
results for ∼80 eV to 5 AU gives a strahl pitch angle width of ∼100∘, which is in agreement with our median
strahl pitch angle widths found at this distance using Cassini (∼110∘). However, at higher energies our obser-
vations diverge from the Owens et al. [2008] model, as higher-energy strahl broaden significantly more per
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astronomical unit than their lower energy counterparts (see Figure 7). It has been demonstrated that the
effect of adiabatic focusing in a Parker spiral magnetic field, combined with a constant pitch angle scatter-
ing rate (constant with time, radial distance, and electron energy) produces a weak energy dependence for
strahl widths with radial distance (as shown in Figure 7 by the orange dashed line) [Owens et al., 2008]. This
can be explained by time-of-flight effects, as faster field-aligned electrons traveling outward along a Parker
spiral field will experience a larger decrease in magnetic field strength per unit time/distance. Hence, in the
presence of a constant pitch angle scattering rate, the effects of adiabatic focussing are stronger for more
energetic electrons. Hence, our results suggest that the scattering mechanism has an intrinsic energy relation
beyond time-of-flight effects.

It has been hypothesized that resonant scattering due to broadband whistler fluctuations resulting from tur-
bulent cascade can explain why higher-energy strahl is experiencing greater pitch angle broadening [e.g.,
Vocks et al., 2005; Saito and Gary, 2007; Pagel et al., 2007]. It has also been shown that observations of this
energy relation occur in conjunction with periods of enhanced magnetic field fluctuations in the whistler fre-
quency range [Pagel et al., 2007] and that whistler-like fluctuations are often observed in the solar wind [e.g.,
Lacombe et al., 2014]. Hence, our results suggest that although there are multiple strahl scattering mecha-
nisms present in the solar wind, a broadband spectrum of whistler mode waves is likely to play a dominant
role in the radial evolution of strahl pitch angle distributions.

It must be noted that we have not considered different solar wind regimes within this study, in which differ-
ing whistler mode wave generation mechanisms could potentially be invoked. The slow solar wind is often
reported to have a broader strahl pitch angle distribution for a given energy than the fast solar wind [e.g.,
Feldman et al., 1978; Fitzenreiter et al., 1998; Anderson et al., 2012]. In this study we have also not considered any
measurements from within 1 AU, where adiabatic focussing effects are more significant. Further investigation
is required in order to establish the rate of strahl pitch angle broadening within 1 AU and also to ascertain if
there are differences in the scattering mechanism for the slow and fast solar wind.

6. Conclusions

In this study we have examined Cassini CAPS ELS data from ∼1 to 9 AU to significantly extend the heliocentric
radial range of strahl electron pitch angle width observations to ∼5.5 AU. We find a clear increase in strahl
pitch angle width with heliocentric radial distance from 1 to 5.5 AU and conclude that strahl is most likely
completely scattered at radial distances beyond 5.5 AU and before 10 AU. Strahl beams are therefore generally
unlikely to be observed at large radial distances, unless subjected to significantly lower scattering rates than
average. Hence, strahl is more likely to have become scattered to form part of the diffuse halo population and
the results obtained by Walsh et al. [2013] case study at 10 AU could be explained by either a statistical outlier
or a halo temperature anisotropy.

We find that the relationship between strahl pitch angle width and electron energy varies within a given
radial distance and at different heliocentric radial distances. It is possible that there are multiple different
resonant and non-resonant scattering mechanisms in the solar wind, which have a variable and competitive
presence. However, our results also show that whatever processes are competing, there must be an explicit
energy dependence in the dominant pitch angle scattering mechanism that accounts for greater pitch angle
broadening per unit radial distance for higher-energy electrons. We conclude that resonant scattering due
to broadband whistler fluctuations invoked by Pagel et al. [2007] and Saito and Gary [2007] is the most likely
candidate to explain our results.

Further understanding of the heliospheric evolution of strahl electron beams could provide insight into a
number of different aspects of solar wind physics, including the origin of suprathermal electrons in the solar
corona, the transport of solar wind heat flux, and the topology of the IMF. Our study provides measurements
of strahl evolution in the ecliptic plane as a function of energy across the largest possible radial range available
to date, providing clear constraints on field-aligned electron dynamics, and the electromagnetic waves that
they interact with. Future studies will focus on determining the nature of these wave-particle interactions.
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