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In recent years, a wealth of spacecraft measurements of heagolar energetic particles have
become available, thanks to data from the ACE and STEREQespait. Interesting features in

heavy ion time intensity profiles, such as the decay of th©Fatio over time in some events,

have been observed. Heliospheric propagation effectshieameinvoked in the literature as a pos-
sible cause of Fe/O decays. Recent modelling work has shoatrtifts due to the gradient and

curvature of the large scale Parker spiral magnetic fieklaasignificant source of perpendicular
transport for partially ionised heavy ions. Modelling taesfects requires a fully 3D description.
Here we present results of 3D test particle simulations af/faiéon SEP propagation in the he-
liosphere, for a Parker spiral magnetic field, in the presericscattering. We simulate intensity
profiles of heavy ions as would be observed at 1 AU and derizéitie dependence of the Fe/O
ratio.
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1. Introduction

Measurements of Solar Energetic Particles (SEPs) takempdwesraft in the interplanetary
medium can be used to infer properties of the acceleratiemginena and of the propagation of
the particles through space. Heavy ion SEP data are pantiguiseful in this respect and a variety
of measurements, including those of abundances and chiatgs,shave been used to attempt to
characterise whether the particles were accelerated ineaditaat a Coronal Mass Ejection (CME)
driven shock. In particular the Fe/O ratio averaged overER 8vent (mean Fe/O ratio) has been
used frequently as diagnostic of the particles’ flare or krwigin [1].

The Fe/O ratio has been shown to decrease over time in a nwhlsEP events [2, 3, 4].
Scholer et al. ascribed this behaviour to the rigidity deleece of the scattering mean free path [2].
In this interpretation, as Fe has a larg#q than O, it experiences less scattering and is able to reach
a detecting spacecraft earlier than O, resulting in a lag/®Fatio at the beginning of an event.
Modelling of heavy ion transport including this effect wasleato reproduce the data for several
ionic ratios in 17 SEP events [3]. Other researchers havéasicthe observed temporal behaviour
of Fe/O to acceleration and escape of SEPs at CME-driverkstié¢ 6] or to the presence of a
flare component early in an event [7]. A study analysing repicecraft data at Ulysses and Wind
concluded that the likely cause of the temporal profiles é¢OFs interplanetary transport [8].

In recent work, we carried out 3D full orbit test particle silations of SEPs in a Parker spiral
interplanetary magnetic field (IMF), in the presence of tecatg, and found that drifts due to the
gradient and curvature of the Parker IMF produce signifitearisport of SEPs across the field
[9, 10]. They are also responsible for deceleration adutido the standard adiabatic decelera-
tion [11]. The importance of drifts in the propagation of &atlc Cosmic Rays (GCRs) is well
established but they had previously been neglected for SResently, drift effects have been
incorporated in a first version of an SEP forecasting mod#]. [1

Drifts are especially strong for partially ionised heavynsp due to their largenvq [9, 10].

In this paper, we carry out simulations of heavy ions in a Badpiral IMF and investigate the
influence of drifts on the intensity profiles measured at 1 Abirfthe Sun, and the Fe/O ratio.

In Section 2 we describe the simulations, in Section 3 wegntethe results and Section 4
presents a discussion and conclusions.

2. Modd and simulations

The model used for the simulations is a full-orbit test mégticode which derives the trajec-
tories of a population of SEPs injected near the Sun [10]. #alar Parker spiral configuration,
with magnetic field pointing outwards from the Sun at alltlades, is used, and particles experience
scattering events with a frequency consistent with a sjgecifalue of the mean free path

In the simulations described below, particles are injedteth a 6 x6° region at the Sun,
centered at longitude®@Gnd latitude 20. Therefore the source of the particles is a small localised
region which may be taken to represent a flare region, as edgosan extended source as a CME-
driven shock would be.

We inject a population of oxygen ions with atomic numBerl6 and charge numb&)=7,
giving a mass to charge ratid/Q=2.3, and a population of iron ions with atomic numBer56
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Figure1: Spatial distributions of protons, oxygen ions and iron iatt3=4 days.
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Figure 2: Time-intensity profiles of Hilue), O (green and Fe (ed) at 1 AU from the Sun, at longitude
@=10 and latituded=—20", relative to the magnetic field line connected to the certteainjection region.

and charge numb&p=15, giving a mass to charge ra#gQ=3.7. For comparison we also consider
a population of protons, for whicA/Q=1. The heavy ion charge states used are consistent with
SEP measurements in gradual SEP events [13].

For all species, the initial energy distribution follows ewer law with spectral indey=1.1
in the energy range between 10 and 400 MeV/nuc. As far astidinscof initial velocities are
concerned, these are uniformly distributed in the semikphd@re in velocity space pointing away
from the Sun. The number of simulated particles in each spasN=100,000.

In the first instance, we neglect any dependence of the soatt@ean free path om/q and
assumel = 1 AU for protons, oxygen and iron ions. Particles are fokowntil a final timets=4
days.

3. Resaults

Figure 1 shows the spatial distribution of protons, oxyged iaon ions at the final tim&g =4
days. Here one can see that the Fe ions (larg&3} experience the strongest drift and therefore
spread in both the latitudinal and longitudinal directioarmthan O and H ions. The latter display
the smallest drift.

Figure 2 shows time intensity profiles of H, O and Fe at 1 Algnated over all energies, from
our test particle simulations, for a1910° collecting area on the 1 AU sphere. The area is centered
at[g, 8]=[10°,—20°], with ¢ the heliographic longitude andithe heliographic latitude, relative to
the location with best connection to the injection regiothatSun. Therefore the coordinates [0,0]
indicate the location at 1 AU directly connected to the seusgion. Positive values @f indicate
locations to the West of the directly connected field line poditive values oD locations to the
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Figure 3: Fe/O ratio versus time at 1 AU, at longituge10° and latituded=—20°, relative to the magnetic
field line connected to the centre of the injection regione Same number of Fe and O ions were injected
at the Sun.

North of it. Figure 2 displays intensity integrated overealergies to obtain sufficient statistics in
each collecting area at 1 AU.

Figure 3 shows the Fe/O ratio versus time, for the same obskwation as shown in Figure
2. It should be noted that the same number of Fe and O ions ateli®d, therefore the injection
Fe/O ratio is 1.

4. Discussion

Figure 1 shows that Fe drifts more than O (and H), due to iteérign/q ratio, and therefore
experiences much more perpendicular transport in bothtlohey and latitude.

This has an influence on profiles measured at 1 AU: Fe is founebith many locations away
from the best connected location at 1 AU earlier than O (andebause it drifts more. This is the
gualitative behaviour seen in Figure 2.

H is found to arrive last at several not well connected lacei This is not observed in SEP
events, however it should be noted that in our simulationsnjexted equal number of H and
e.g. Fe ions, while in reality H ions are much more abundaam the ones. This increases the
likelihood of H being detected a given location at approxehathe same time as heavier ions,
through a combination of scattering events and drift.

The time behaviour of the Fe/O ratio depends on the obserl@ration. For a number of
locations, including that shown in Figure 3, the Fe/O ratomf the simulations displays a decrease
over time, similar to that observed in SEP data (see e.g. T4iis feature appears naturally within
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our simplified model, which only includes a localised injeatregion and does not consider other
important effects like field line random walk [14].

In conclusion, 3D test particle simulations show that Fei@ach some locations that are not
well connected to the injection region earlier than O, résglin profiles of Fe/O ratio decreasing
over time. The cause of this behaviour is the lar§¢0 ratio of Fe compared to O, causing
Fe to experience stronger drifts, associated with the gradind curvature of the Parker spiral
magnetic field. Therefore drifts are a transport effect thay explain the time decrease of Fe/O
ratio observed in several SEP events.
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