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Solar Energetic Particle drifts and the energy dependence of 1
AU charge states

S. Dalla!, M.S. Marsh?, M. Battarbee!
L Jeremiah Horrocks Institute, University of Central Lancashire, Preston, PR1 2HE, UK
2Met Office, Exeter, EX1 3PB, UK

ABSTRACT

The event-averaged charge state of heavy ion Solar Energetic Particles (SEPs), measured at
1 AU from the Sun, typically increases with the ions’ kinetic energy. The origin of this behaviour
has been ascribed to processes taking place within the acceleration region. In this paper we study
the propagation through interplanetary space of SEP Fe ions, injected near the Sun with a variety
of charge states that are uniformly distributed in energy, by means of a 3D test particle model. In
our simulations, due to gradient and curvature drifts associated with the Parker spiral magnetic
field, ions of different charge propagate with very different efficiencies to an observer that is not
magnetically well connected to the source region. As a result we find that, for many observer
locations, the 1 AU event-averaged charge state <@>, as obtained from our model, displays
an increase with particle energy E, in qualitative agreement with spacecraft observations. We
conclude that drift-associated propagation is a possible explanation for the observed distribution
of <@> versus E in SEP events, and that the distribution measured in interplanetary space
cannot be taken to represent that at injection.

Subject headings: Sun: particle emission, Sun: heliosphere, magnetic fields, Sun: activity

1. Introduction

Solar Energetic Particle (SEP) events, detected
by spacecraft following flares and Coronal Mass
Ejections (CMEs), are characterised by enhance-
ments in the intensities of heavy ions, in addition
to proton and electron signatures. One of the most
interesting features of in-situ observations of heavy
ion SEPs is that ionic charge states show a de-
pendence on the particles’ kinetic energy (Mobius
et al. 1999; Popecki 2006; Klecker et al. 2007).
In some SEP enhancements, the event-averaged
charge state, <@>, for Fe has been reported to
increase with energy from about 8 at ~100 keV
nucleon™! to about 20 at ~40 MeV nucleon™!
(Popecki 2006). While the absolute value of <Q>
for a given energy range has been found to vary
considerably between events, the general trend for
it to increase with energy appears to be a ubiqui-
tous feature of SEP measurements.

The observations of energy-dependent charge

states have so far been interpreted as resulting
mainly from the characteristics of the accelera-
tion process. Broadly speaking, the amount of
collisional stripping taking place at the accelera-
tion region is thought to be energy dependent, be-
cause particles of different energies spend different
amounts of time within the region, for both flare
and shock energisation scenarios (Ostryakov et al.
2000; Barghouty & Mewaldt 1999). In addition, it
has been pointed out that adiabatic deceleration
produces a shift in the distribution of <@Q> versus
energy (Kartavykh et al. 2005).

In this paper, we point out for the first time
that guiding centre drifts associated with the gra-
dient and curvature of the interplanetary magnetic
field (IMF) naturally introduce an energy depen-
dence of observed charge states. Drifts have been
know for many years to be important in the propa-
gation of galactic cosmic rays (GCRs) but are typi-
cally ignored for SEPs due to their lower energies.
However simulations by Marsh et al. (2013) and
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Fig. 1.— Parameters of the injected Fe ions: (a)
number Ng of particles injected for each charge
value; (b) energy distribution of average charge
<> within the population.

analytical calculations by Dalla et al. (2013) have
shown that drift effects are not negligible for SEPs
and are particularly important for heavy ions, due
to their large mass-to-charge ratio.

Modelling of heavy ion propagation is typically
carried out within spatially 1D formulations, in
which the ions are assumed to remain tied to the
field line on which they were originally injected,
therefore neglecting drift effects (e.g. Mason et al.
(2012)). The same 1D assumption is the basis of
all current interpretations of heavy ion SEP data.
Here we carry out full-orbit 3D test particle simu-
lations of the propagation of Fe ions in the inter-
planetary magnetic field, and determine the av-
erage charge state that would be measured by a
1 AU observer. Our model contains a number of
simplifying assumptions but it will nontheless al-
low us to give a qualitative demostration of the
effect of drift on measured charge states.

2. Simulations

We make use of a 3D full-orbit test particle
code, which integrates trajectories of heavy ions
through a unipolar, outward pointing, Parker spi-

ral IMF (Marsh et al. 2013). Particles are released
instantaneously at a radial coordinate r=2 Rgyn,
with Rgy, the solar radius, over a compact re-
gion of angular extent 6°x6°, centered at a helio-
graphic latitude 6=20°. The code solves the equa-
tions of motion for each particle and drifts are in-
cluded simply by the fact that a magnetic field
with gradient and curvature and an electric field
are specified. The injection spectrum of the heavy
ions is assumed a be a power law spectrum in en-
ergy per nucleon, with spectral index v=1.1, in the
range 10-400 MeV nucleon~!. Tons propagating in
the IMF are assumed to experience a low level of
scattering, having a mean free path A=1 AU. At
each scattering event the direction of the parti-
cle’s velocity is reassigned randomly from a spher-
ical distribution in velocity space. Times between
scattering events used in the simulations are expo-
nentially distributed, assuming scattering to be a
Poisson process (Marsh et al. 2013). We choose a
constant mean free path (independent of rigidity)
to isolate drift effects from those associated with
rigidity dependent scattering. Our previous sim-
ulations have shown that drift behaviour is only
weakly dependent on the value of A (Marsh et al.
2013). No scattering across the field is introduced
in our model. Particles trajectories are integrated
up to the final time £;=100 hr. Other parameters
of the simulation are the same as in Marsh et al.
(2013).

Fe ions are released into interplanetary space by
the acceleration processes with a range of charge
states, and the number Ng of injected ions for
each @) value, as well as the energy distribution of
charge states, are not well known. Given that our
aim is to study the effect of drift on the energy dis-
tribution of <@> at 1 AU in a qualitative way, we
consider the following simple scenario for the par-
ticle charge at injection. We assume that Fe ions
are released from the source region with charges
between Q=8 and =21, with Ny constant with
Q (Figure 1-(a)), and that there is no energy de-
pendence of the charge states at injection, so that
at all energies the average injection charge is 14.5
(Figure 1-(b)). For each charge value, No=10°
particles are propagated in our simulation, giving
a total of 1.4 million particles.

The test particle code produces as output the
times of particle crossings of the 1 AU sphere, as
well as the particle characteristics at that time.



This information is then used to construct inten-
sity profiles and plots of average charge versus en-
ergy as would be detected by a 1 AU observer. All
particle positions are also stored at 1 hr intervals.

Figure 2 shows the locations of Fe ions at three
times during the simulation, t=1, 12 and 24 hr.
Only particles with charge states Q=8, 12, 16 and
20 are displayed in the plots, colour coded by their
Q-value. The plots in the left column give z versus
rey=(2% + y?)1/2, where z, y and z are cartesian
coordinates centered at the Sun, the z axis being
the solar rotation axis and the x and y axes lying
in the heliographic equatorial plane. Plots in the
right column show y versus z for particles within
20° of the heliographic equator: this is done to
emphasize the spread in longitude while minimis-
ing projection effects associated with particles that
have drifted to high heliolatitudes.

The Fe ion propagation seen in Figure 2 is char-
acterised by a very efficient drift in latitude away
from the injection flux tube (centered at 20° lati-
tude) with a large number of particles having al-
ready reached the opposite hemisphere at t=12
hr. This propagation is clearly dependent on the
charge state, with the Q=8 particles (black sym-
bols) having experienced the largest drift, in agree-
ment with analytical drift expressions (Dalla et al.
2013). For the outward polarity used in our sim-
ulation, ions drift downwards. In addition to the
dependence on @, drift velocities increase with ki-
netic energy as well as being dependent on pitch
angle and location in the heliosphere (Dalla et al.
2013). As a result, particles of a given charge are
spread over a wide latitudinal range in the z versus
T2y plots. Drift velocities also have a component
in the heliolongitudinal direction, making the size
of the region filled by energetic particles in the
x-y projection grow over time, as the flux tubes
experience corotation.

Figure 3 shows particle parameters at 1 AU
versus time, as would be detected by observers
at various locations relative to the SEP source.
The larger panels of Figure 3 show counts of
Fe ions versus time (red dots) in the energy
range 10-80 MeV nucleon~? for several 1 AU ob-
servers. This energy range is chosen so as to rep-
resent typical SEP observations while being broad
enough to ensure good statistics from our simula-
tions. Observer locations are specified using labels
[Ad1au, Ad1av], where Adyap is the heliographic

longitude and Adyay the heliographic latitude of
the observer relative to the Parker spiral field line
through to the centre of the particle injection re-
gion. The panel labelled [0,0] corresponds to an
observer connected to the centre of the injection
region, and the other panels to less well connected
observers. Moving to the right along a row in
Figure 3 one can see count profiles for observers
at the same latitude and progressively more west-
ern longitudes (i.e. source region becoming more
eastern). Different rows correspond to different
observer latitudes, becoming more southern as
one moves downwards. Counts are collected over
10°x10° portions of the 1 AU sphere. The smaller
panels of Figure 3 show the average particle charge
(blue dots) within each accumulation time used to
construct the counts profile.

For a well connected observer (see panel [0,0]
of Figure 3) counts peak very rapidly and decay
monotonically, while the particle charge remains
fairly constant over time at around the average
injection charge of 14.5, for times with large num-
ber of counts in the accumulation interval.

Fe intensities are also detected by observers
that are not directly connected to the injection re-
gion via magnetic field lines (all panels apart from
[0,0]), indicating that the propagation is fully 3D,
with significant transport across the field, due to
drifts, as seen in Figure 2. The peak counts for a
not well connected observer are at least an order
of magnitude lower than for a well connected ob-
server. As the source region becomes more East-
ern relative to the observer (i.e. moving from left
to right in each row of Figure 3) the time of peak
intensity shifts to a later time. Latitudinal ef-
fects are also present: the variation in peak in-
tensity is largest for an observer at the same lati-
tude as the source region, while at more southern
latitudes peak intensities are more similar to each
other. This behaviour is a result of the ions drift-
ing downwards. An observer for which the source
region appears as Western (see panel [-10,0]) sees
the event as having a smaller peak intensity and a
shorter duration, and the change of the patterns of
profiles with longitude matches the typical East-
West ordering (Marsh et al. 2015).

Looking at the charge (blue dots in Figure 3) of
the ions contributing to each profile, one can see
that at each observer’s location apart from [0,0],
the first arriving particles have a low charge: these
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Fig. 2.— Locations of Fe ions of selected charges at t=1, 12 and 24 hr. Shown are particles for Q=8 (black),
12 (blue), 16 (red) and 20 (green). Left panels give z vs 74, =(2? + y?)'/? and right panels y vs x, with only
particles within 20° of the heliographic equator included in the z-y projections. In the latter, a dashed circle
at 1 AU is shown. In the left panels, the dashed line is at r,y=1 AU and dotted lines indicate the extent of
the flux tube into which injection took place. Separate contour plots of Fe ion locations for Q=8, 12, 16 and
20 at t=12 hr can be viewed at https://doi.org/10.5281/zenodo.167818.
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Fig. 3.— Fe charge @Q (blue dots) and counts I (red dots) versus time for various observer positions at 1 AU,
for energies in the range 10-80 MeV nucleon—'. Labels in each panel give the values of [A¢iar, Adiav],
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are the particles with largest drift velocity due
to their higher mass-to-charge ratio. Particles of
higher charge tend to contribute to the later part
of the profile as they drift less and arrive later.

Figure 4 shows the event-averaged Fe charge
state <@> versus kinetic energy per nucleon F,
at the same locations as in Figure 3. Here one can
see that when the observer is directly connected
to the injection region, the 1 AU charge distribu-
tion is fairly flat, but not uniform. This is due to
the fact that leakage out of the well connected flux
tube is energy and charge dependent, with the low
charges and high energies leaking most efficiently.
When the observer is located at a different lat-
itude from the injection region, a steep increase
of charge state with energy is seen (up to 6 units
over an order of magnitude in energy), with the
steepness of the slope increasing with latitudinal
separation. Observers at the same latitude as the
injection location and more western locations see
a variation of <@> by about two units over an
order of magnitude in energy: an increase with F
can be seen at the lower energies and a decrease
at the higher energies.

3. Discussion

In Section 2 we presented SEP Fe intensity pro-
files at 1 AU as derived from a 3D full orbit test
particle model that includes the effects of drifts.
An equal number of ions was injected for each
charge state from Q=8 to =21 and the initial
energy distribution of charge states was chosen to
be uniform.

Our results show that a direct magnetic connec-
tion to the source is not necessary to detect signif-
icant Fe intensities, because drift effects produce
transport across the magnetic field. The propaga-
tion of these ions is therefore fully 3D and cannot
be described by 1D models.

For a given observer location, our simulations
show that ions of lower charge arrive first, because
of their larger drift velocities, proportional to m/q.
This prediction of our model could potentially be
verified by means of sensitive instrumentation (see
e.g. Klecker et al. (2007) for a discussion of the
methodologies and challenges in the measurement
of SEP charge states). According to our model the
low charge (high drift) SEPs remain confined to
flux tubes close to the injection one only for short

times, and rapidly fill the entire heliosphere. This
dilutes them, making them less likely to be de-
tected by spacecraft instrumentation, apart from
early in an event.

We have also shown that drift-associated prop-
agation effects significantly modify the injection
charge energy distribution, for an observer not di-
rectly connected to the source location. While the
energy distribution of charge states was uniform
at injection, at 1 AU for most observers the event-
averaged charge state <@Q> showed a significant
increase with energy. This is in qualitative agree-
ment with SEP Fe measurements (Popecki 2006;
Klecker et al. 2007). The slope of the measured
charge distribution obtained from our simulation
increases with increasing latitudinal separation be-
tween observer and source region.

The reason why drift effects modify the energy
distribution of <@> is that drift velocities for
non-relativistic ions are directly proportional to
the product of mass-to-charge ratio by energy per
nucleon (Dalla et al. 2013). To reach a not well
connected observer the drift velocity needs to be
sufficiently large, and, broadly speaking, at low
energy per nucleon this can only be achieved by
low charge particles, while at higher energy per
nucleon it can be achieved by particles of higher
charge. To this simple picture, one needs to add
the effects of deceleration, including that induced
by drift (Dalla et al. 2015), which strongly influ-
ence the intensity profiles at a given energy and
the charge energy distribution. Therefore drift
effects that impact the <@Q> vs E distribution
include both transport perpendicular to the field
and deceleration.

We conclude that the common assumption that
the energy distribution of charge states measured
at 1 AU is the same as the injection distribu-
tion, and consequently a signature of the acceler-
ation process, is invalid. In this paper we showed
that the latter statement applies to the case of
a compact injection region, so that it is imme-
diately applicable to SEP events associated with
solar flares. For SEP events associated with CME-
driven shocks, the injection region has a wide ex-
tent; we can imagine it as the sum of a number of
compact injection tiles: our simulation results will
apply to each individual tile and the overall inten-
sities and charge states measured by an observer
will be the superposition of the contributions of



several tiles. Within the CME-driven shock ac-
celeration hypothesis, the efficiency of SEP injec-
tion is assumed to vary strongly along the shock
front (e.g. Reames et al. (1996); Kallenrode &
Wibberenz (1997)): therefore, applying our re-
sults to this scenario, ions experiencing 3D prop-
agation from an injection tile e.g. close to the
nose of the shock, where acceleration is most ef-
ficient, will contribute significantly to the observ-
ables measured at locations directly connected to
other parts of the shock. The measured energy
charge distribution will be a contribution from
many tiles and will have been ‘processed’ by 3D
transport, rather than being simply the injection
distribution propagated parallel to the field lines,
as is assumed by 1D models. Owing also to the
latitudinal dependence of drift velocity, a non-
uniform injection efficiency over the shock front
will result in a complex energy distribution of
charge states at 1 AU that cannot be assumed to
represent the injection distribution.

Our results have been obtained for a scatter-
ing mean free path A=1 AU: earlier we studied
3D proton propagation for A=0.3, 1 and 10 AU
and found that drift motion across the field is only
weakly dependent on the value of A (see Figure 3
of Marsh et al. (2013)). In Figure 3 of Dalla et al.
(2016) we compared intensity profiles of Fe with
Q=15 for A=0.1 and 1 AU, as obtained with our
3D model. We found that the overall shape of
the profiles at locations not well connected to the
source region (i.e. all locations apart from [0,0])
is not strongly affected by the choice of scattering
mean free path, although the peak intensities are
affected. We therefore conclude that a different
choice for A in our simulation would not change the
qualitative behaviour presented in Section 2, for
not well connected locations that particles reach
via drift.

The IMF model considered in this work is that
of a Parker spiral of single polarity, used in order to
consider the simplest possible drift scenario. The
model describes the case in which particles prop-
agate to reach the observer within a volume of
single polarity and is relevant to many actual sit-
uations in the heliosphere. The presence of two
polarities and of the Heliospheric Current Sheet
(HCS) will influence the drift patterns and associ-
ated particle transport. The particles that reach
the HCS will experience additional current sheet

drift. A full study of test particle trajectories in
the presence of a HCS will be presented in a future
publication (Battarbee et al, submitted, 2016).

In our simulation, we did not attempt to adjust
the specific form of the Ng versus @) profile and
charge energy distribution at injection to obtain
a 1 AU energy distribution of <@> that matches
that observed in real SEP events (both in terms of
absolute values and slope). This is because there
are a number of effects that are not included in
our model, including a possible wide extent and
long duration of the injection as well as an energy
dependence at injection that results from the ac-
celeration process (Ostryakov et al. 2000; Bargh-
outy & Mewaldt 1999). In diffusive shock acceler-
ation, turbulent trapping influences the effective-
ness of ion acceleration and particle escape in a
way that depends on the mass to charge ratio
(Battarbee et al. 2011). Our results show that
in addition to processes taking place at the accel-
eration region, drift effects have a significant im-
pact on the measured energy dependence of 1 AU
charge states. The way in which the different pro-
cesses contribute to the observed <@Q> versus F
dependence will need to be established in future
work, but our simulations show that the magni-
tude of the drift effect can be large.

4. Conclusions

Our main findings can be summarised as fol-
lows:

e The propagation of Fe ions through the in-
terplanetary medium needs to be modelled
in 3D, due to strong drift effects. The ionic
charge influences the amount of drift experi-
enced, so that low charges tend to arrive first
at an observer not directly connected to the
source region.

e For a not well connected observer at latitude
different from the injection latitude, drifts
result in an increase of the measured 1 AU
event-averaged charge state <@> with ki-
netic energy per nucleon F.

e The energy distribution of charge states at 1
AU can differ significantly from the injection
distribution.



In a recent paper (Dalla et al. 2016) we consid-
ered the 3D propagation of both Fe and O ions,
and showed that differences in drift-associated
transport across the magnetic field between the
two species, result in a decay of the Fe/O ratio
over time, similar to that observed at 1 AU in SEP
events. Therefore 3D propagation drift effects de-
scribed by our model can reproduce both energy
dependence of charge states and Fe/O decay, two
key signatures in heavy ion SEP observations that
are currently ascribed to separate phenomena.
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