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[1] Formation of inhomogeneous electromagnetic structures with gradients in magnetic
field and intrinsic electric fields is commonly observed in magnetized plasmas.
Heliospheric plasmas are susceptible to formation of localized, supersonically propagating
electromagnetic inhomogeneities. Coronal relaxation may result in an emergence close to
solar surface of a shock wave which traverses significant parts of the heliosphere. Shocks of
solar origin may accelerate ions to high energies, and some of these ions can be trapped in
quasi-stable orbits of planetary magnetospheres. The observationally deduced ion
acceleration close to the Sun, at low Mach numbers and low turbulence levels, poses a
dilemma regarding the energization mechanism. When the magnetic ramp of an
obliquely propagating electromagnetic substructure narrows to a size of a fraction of ion
skin depth, as conjectured during merging of successively propagating shocks, the
trajectories of some ions exhibit strongly nonadiabatic characteristics. Subset of ions is
energized while surfing along the shock due to the combined forces of magnetic fields and
cross-shock electric potential gradient, forming a high-energy tail. This tail may be
additionally accelerated after traversing the shock multiple times as a result of
scattering and reflection due to Alfvenic wave diffusion. We follow the orbits of seed
ions in a presence of a stationary, fluid-based, self-consistent model, and investigate
their behavior for a variety of plasma parameters and geometries. The results indicate
that (1) the energization of ions for low Mach numbers, as observed for emerging
shocks close to the Sun, depends crucially on the narrowness of the electromagnetic
structures, (2) the sufficiently narrow heliospheric structure can energize thermal
protons and a subset of rare ions which were enriched due to impulsive coronal
processes, (3) the energization is sensitive to the pitch angle of the seed population,
indicating dependence on the geometry of the shock-plasma flow system, and (4) the
preacceleration by surfing mechanism is a prerequisite for an additional energization
due to diffusive shock acceleration. We conclude that the best configuration for an
effective acceleration due to an emerging shock at small heliocentric distances and lowMach
number consists of a narrow electromagnetic substructure which energizes heliospheric
thermal protons directly from their thermal level, as well as trace elements which enrich the
seed population due to previous coronal processes. The narrowness of the shock or its
substructure and the surfing mechanism may help in explaining the observed energization
when othermechanisms become inefficient due to an insufficient level of the turbulence. The
energetic ion populations may have a direct profound impact on human space exploration.
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1. Introduction

[2] Heliospheric acceleration of thermal populations to
high energies (1–100 MeV) due to interplanetary, propa-
gating shocks, is of importance (1) in the investigation of
basic interaction of plasma with naturally formed, nonlinear
electromagnetic structures, and (2) in an analysis of intense

solar and heliospheric perturbations on the terrestrial mag-
netic configuration which renders the solar energetic particles
(SEPs) access and allows their trapping at the quasi-stable
magnetospheric orbits. Shock induced trapping of solar-
origin protons and heavy ions on terrestrial magnetic field
lines was demonstrated by Earth-orbiting spacecraft when
new hydrogen and Fe stable belts were formed impulsively
over timescales of tens ofminutes to hours [Blake et al., 1992;
Hudson et al., 1998; Lorentzen et al., 2002]. The formation of
electromagnetic shocks and the resulting heliospheric emer-
gence and magnetospheric trapping of energetic populations
constitute an important part of the Sun-Earth connection
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research theme, both being crucial in our understanding of the
intense terrestrial perturbations and in assessing the risk to
human activity in space.
[3] The propagating heliospheric shocks are formed due

to physical processes which originate in the magnetized
solar corona. The reconfiguration of twisted coronal field
lines may result in a supersonic expulsion of a large blob of
plasma (1015–1016 g) into the interplanetary medium in the
form of coronal mass ejection (CME), which carries a shock
at its leading edge [e.g., Kahler, 1992; Reames, 1999]. This
electromagnetic shock propagates from the Sun over a
significant fraction of the heliosphere, energizing the ambi-
ent plasma along its path [e.g., Reames and Tylka, 2002;
Tylka et al., 2005]. Since the free energy is embedded in the
twisted coronal field, the CMEs are formed mainly during
the period of high solar activity, with a lower occurrence in
the declining phase.
[4] Shock energization depends on the upstream plasma

parameters, on the seed population, on the propagation
speed (Mach number) of the shock, and on its internal
structure. The seed plasma population is made up of solar
wind plasma (‘‘cosmic’’ abundances) with modifications
due to (1) enhancement of elements with a low first
ionization potential in fast solar wind (SW) stream, which
originate in coronal holes [Reames et al., 1991]; (2) enrich-
ment of interplanetary plasma due to coronal processes of a
set of rare elements and isotopes, mainly 3He, Fe group, and
ultraheavy elements at the Xe and Kr groups [Reames,
2000; Mason et al., 2004], and (3) addition of ions which
originate as a neutral interstellar or interplanetary dust
source which got ionized and picked up by the solar wind
[e.g., Gloeckler et al., 2000].
[5] The acceleration processes by shocks has been inves-

tigated over several decades. In the astrophysical context it
is widely believed that cosmic rays are energized due to
first-order Fermi mechanism (diffusive acceleration) at the
strong shock waves of supernova remnants [Krymsky, 1977;
Axford, 1981; Drury, 1983; Blandford and Eichler, 1987].
Many theoretical approaches included particle interaction
with hydrodynamic shock front where the magnetic field
plays only a secondary role, determining the elastic scatter-
ing off the magnetic irregularities and the values of the
spatial diffusion coefficients [e.g., Drury, 1983]. The anal-
ysis used a diffusion-convection (cosmic ray) equation for
an isotropic distribution function with (1) an adjusted spatial
coefficient, (2) model deceleration of the bulk motion, and
(3) neglect of the momentum diffusion [Duffy et al., 1994;
Ellison and Reynolds, 1991; Zank et al., 2000] or a focused
transport equation [e.g., Lee, 2005], which implements a
quasilinear momentum diffusion operator. Inclusion of
explicit magnetic wave fields assigns the Alfven waves as
a source of the turbulence required for the diffusive shock
acceleration and relates the spatial diffusion (owing to the
stationary or time dependent magnetic fluctuations) to the
inverse of the quasilinear pitch angle operator. In this
process, repeated scattering and reflection by waves excited
by previously accelerated particles in the extended region of
the shock, and the subsequent multiple crossing of ions
through the shock, experiencing the compression between
the upstream and downstream flows (Fermi process) or
intermittent drift along the convection field (shock-drift),
allows the particles to acquire energy of many MeV/nucleon

before being ejected sufficiently far from the shock and
transported to the observing satellite. Alfven waves which
propagate in both directions along and opposite to the
magnetic field eliminate the problematic pitch angle gap
in the quasilinear operator allowing a smooth scattering of
the particles which then can reenter the shock. Additionally,
it was shown that in a presence of a general wave spectrum
the momentum diffusion should be included in the basic
cosmic ray equation [Schlickeiser, 1989]. However, in all
these descriptions it has been assumed that the distribution
function is rapidly isotropized in pitch angle and averaged
over the gyrophase. Detailed measurements at the terrestrial
bow shock and at the propagating heliospheric shocks, as
well as numerous simulations [e.g., Lembege et al., 2003]
showed that both assumptions regarding fast pitch angle
isotropization and gyrotropic interaction may not always be
valid. Trajectories of the accelerated particles which consist
only of a small initial subset of the ion distribution, with an
insignificant pressure to affect the shock structure, may
violate the above assumptions. Therefore ion energization
may depend on its pitch angle and gyrophase at the entry
into the shock, i.e., on the initial conditions and the flow-
shock configuration, and full particle trajectories may be
required to obtain a valid description of the energization
process.
[6] Figure 1 shows the Mach number (propagation speed

normalized by a local Alfven velocity) as a function of the
heliocentric distance, based on a model of heliospheric
magnetic field and density, for varying shock propagation
velocities. Since the Alfven velocity reaches a maximum
value in the proximity to solar surface and then decreases
slowly with the heliocentric distance, reverse applies to the
Mach number. One observes that in the proximity to Sun, at
5–10 solar radii Rs, for a wide range of propagation speeds,
the shock is barely supersonic, while beyond a distance
of 1 AU the Mach number of a CME which emerges
from the corona covers a range of Mach numbers. Taking
into account the differential speed with respect to the
solar wind and due to the slow-down in the shock speed
as a result of the background drag, most of the observed
interplanetary shocks reach values of Mach 1.5–5, with
an extension of the distribution all the way to Mach 15;
multisatellite data indicate a decrease in CME speed by a
factor of more than 2 at the Jovian orbit, while observations
related to the Bastille Day (2000) event at WIND (1 AU) and
Voyager (63 AU) measured the decrease in the speed jump
due to CME from 400 km/s to 60 km/s [Wang et al., 2001].
The structure of the shock depends on the external plasma
parameters (b, density, obliqueness, Mach number), which
determine the relations between the upstream and down-
stream quantities. However, important features of the internal
structure depend on the spatial dependence of the electro-
magnetic fields in the transition region and on its width which
is measured in units of the gyroradius r or ion skin depth c/wi,
where c denotes the speed of light and wi is the ion plasma
frequency; using the heliospheric model and assuming a
density of 5 ions/cc at 1 AU, the ion skin depth becomes
100 km at 1 AU, 10 km at 20 Rs � 0.1 AU, and 500 km
at 5 AU. Similarly, the ratio of ion gyrofrequency to ion
plasma frequency is approximately 0.0002 at 1 AU, 0.002
at 20 Rs, and 0.00008 at 5 AU. The changing values of
the Mach number, the gyro/plasma frequency ratio, and
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skin depth impose specific requirements on the shocks
structure for efficient acceleration processes.
[7] Observations of CME shocks [e.g., Reames, 1999;

Reames et al., 2000, 2001; Tylka et al., 2002] indicate that
the main enhancement of fluxes of energetic ions, including
heavy ions (Fe) with high charge state occurs often at very
low heliocentric distances, at few solar radii, where even for
the fastest propagating shocks the magnetic Mach number is
relatively low (below 2). Additionally, there may exist an
observational correlation between the most energetic ion
events and merging of multiple interacting CMEs with
vastly different speeds [Gopalswamy et al., 2002]. Similarly,
the most intense events (rogue events) are well correlated to
an observation of two (converging) CME shocks [Kallenrode
and Cliver, 2001a]. Formation of successive propagating
shocks is an observationally documented effect. In many
instances strong reconfiguration of coronal field lines with an
ejection of CME destabilizes an adjacent region or creates
conditions at the same active region susceptible to reforma-
tion of a magnetically unstable configuration, allowing suc-
cessive emergence of ‘‘sympathetic’’ or homologous CMEs,
respectively [e.g.,Cheng et al., 2005]. The intense interaction
between propagating shocks may plausibly deform the CME
into narrow inhomogeneous substructure(s) which, as will be
shown later, may accelerate a subset of ions to very high
energies, even without the turbulence required by the Fermi
process. Analogously, solar rotation and the spatial variability
in the solar wind velocity allows the fast solar wind stream
which emanates from the magnetically unconstrained low
density coronal holes, to interactwith a slower, higher-density
solar wind which is emitted from the vicinity of magnetized
coronal loops, to form successive compression and rarefac-
tion regions. For a quasi-stationary pattern of flow this
interaction, which usually takes place effectively at large
heliocentric distances (beyond 1 AU), forms one of the
most prevalent, repetitive heliospheric Corrotating Inter-
action Regions (CIR), where the leading and trailing

edges form the forward and reverse shocks, respectively,
which were shown as source of ion acceleration [e.g.,
McDonald et al., 1976; Hundhausen and Gosling, 1976;
Fisk and Lee, 1980]. In both circumstances an interaction
between two stable entities may form a new inhomoge-
neous configuration.
[8] In the solar vicinity a propagating shock with a low

Mach number (and a resulting low turbulence level)
becomes inefficient in scattering the ions multiple times
back to the shock as required by the diffusive shock
acceleration process. Because of this drawback, we conjec-
ture that the configuration which allows for the most
efficient acceleration in the solar vicinity at low Mach
numbers forms a (set of) narrow sheath(s), presumably
due to merging of two or more disparate CMEs with
differential velocities. This (sub)structure will allow the
ions to surf along its surface, energizing a seed population
which consist of the bulk or suprathermal solar wind plasma
with contamination due to previously enriched solar trace
elements.
[9] In this paper we discuss the kinetic behavior of seed

ions interacting with a stationary, fluid-based, shock model,
comprising of cross-shock electric field and rotated mag-
netic field. We focus primarily on the acceleration process
in the solar vicinity. Section 2 presents the shock model
based on the experimental and numerical input for its
structure. Section 3 investigates the intricate trajectories in
the presence of the shock model with inclusion of waves
and presents the resulting distribution functions for ener-
getic ions of solar wind plasma and for a representative of
minority trace elements, and section 4 summarizes the
finding in the general view of heliospheric ion acceleration.

2. Description of the Shock Model

[10] Supersonically propagating interplanetary shock
develops a unique inhomogeneous and highly nonlinear

Figure 1. Dependence of Alfvenic Mach number on the heliocentric distance for several propagation
speeds.
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structure. This structure consists of a layer in which micro-
scopic dissipation processes allow for an irreversible changes
in macroscopic quantities. Electromagnetic shocks are
formed due to a steepening of a naturally excited wave which
grows beyond the linear stage and dissipates energy in a
narrow sheath. As a result, a structure, which moves super-
sonically with respect to the ambient plasma, is formed with a
ramp in magnetic field, plasma bulk velocity, density, and
other thermodynamic quantities. The up-stream and
down-stream flow regions of the shock consist of differ-
ent thermodynamic states which are linked via a dissipa-
tive layer. The disparate values of the ion and electron
gyroradii and the steepening in the magnetic structure
causes diversion in the trajectories of these particles. This
separation of trajectories forms the necessary current
which supports the magnetic field inhomogeneity; it also
violates the MHD approximation, requiring kinetic descrip-
tion of the ensuing plasma. One way in which the frozen-in
condition can be violated is via a large resistivity, which has
been used by many researchers; it allows to implement
successfully dissipation processes into large-scale models
which are being developed for space weather analysis and
prediction of terrestrial perturbations [e.g.,Mikic and Linker,
1994]: however, this approach averages and isotropizes the
behavior of plasma particles, whose trajectories depend on the
details of the sheath layer, where the effect of Hall term,
pressure gradients and electron inertia are often more impor-
tant than the resistivity. Additionally, the mesh size of the
numerical global models grossly overestimates the size of the
magnetic ramp, which is crucial in the analysis of trajectories
of a subset of ions which may form the high-energy tail. The
diversion in the trajectories of ions and electrons causes also a
small charge separation which forms the cross-shock electric
field: this field balances the magnetic field and the thermal
pressure forces. In an oblique shock the normalmagnetic field
component deflects the bulk flow, forming secondary drifts
which require another component of magnetic field in the
sheath region. The stationary self-consistent electromagnetic
fields, with a narrow ramp may affect profoundly a subset of
particle trajectories to form an energetic tail (e.g., Balikhin
andGedalin [1994],Gedalin et al. [1995],Ball andGalloway
[1998] for electrons; Zilbersher andGedalin [1997] for ions).
[11] The shock consists of a nonlinear, inhomogeneous

electromagnetic structure which satisfies several conserva-
tion laws [e.g., Papadopoulos, 1985] and connects the
variables on the upstream and downstream sides. However,
the thickness of the compression region ramp is not deter-
mined by these conservation relations; it evolves self-consis-
tently due to the dynamic interaction between two solar wind
streams (CIR), between solar wind and magnetized body
(bow shock), between multiple CME perturbations or when
an intense CME traversing rapidly changing background
plasma, and is regulated by the seed of interacting particles.
This interaction is determined partly by the geometrical
configuration of the shock versus solar wind or between
two CMEs, and by the thermodynamic state of the upstream
plasma. Therefore parametrization of the energization with
respect to the geometry, thermodynamics, wave activity, and
shock structure is important for a diagnostics of the propa-
gating shock. On the basis of particle simulation results [e.g.,
Scholer et al., 2003] and observational indications
[Gopalswamy et al., 2002], it is plausible to consider shock

substructure with a narrow sheath, rotation of the magnetic
field and a cross-structure electric field. This combination of
fields may ‘‘trap’’ some ions along the structure surface and
energize them due to the motional electric field.
[12] Since almost all of the observed heliospheric struc-

tures exhibit curvatures with very large-scale lengths (many
tens of thousands of kilometers), one may assume in first-
order that locally the shock is one-dimensional, i.e., the
gradients are function of only one coordinate, x. From the
self-consistency point of view it means that the acceleration
processes take place on spatial scales much smaller than the
curvature or ripples in the electromagnetic structure. Simi-
larly, in order to implement the conservation laws which
apply to stationary shock, one assumes that the timescale of
crossing ions must be shorter than the time in which the
shock modifies its structure. We believe that large-scale
ripples will not have a significant effect on the energization
process.
[13] In the case of a planar, stationary structure we con-

struct a fluid-based configuration: the magnetic field up-
stream is given by B = [Bx, 0, Bzo], downstream by B = [Bx,
0, B1], while in the ramp by B = [Bx, By(x), Bz(x)]; an explicit
form for the main component Bz(x) is assigned in an approx-
imate form obtained from time-averaged experimental obser-
vations with correction due to boundary relations; the other
macroscopic quantities: density N, velocity V, and pressure P,
are assigned unperturbed upstream values No, Vo, and Po,
respectively, and in the ramp region become functions of x, in
consistency with the conservation laws. In a planar configu-
ration Bx is unmodified across the shock and finite values of
By are confined to the sheath. Downstream all the quantities
relax to their asymptotic values. Depending on the shock
configuration, we allow for an upstream oblique incidence of
the plasma flow: V = [Vo, 0, Vzo], which may influence the
kinetic interaction at the shock and the final energization. The
self-consistent picture includes clearly wave activity and
time-dependence of the shock ramp.
[14] From the stationary ion momentum equation and

conservation of particle flux: N(x) V(x) = NoVo, one obtains
the plasma flows in the shock ramp [Tidman and Krall,
1971]:

Vx xð Þ ¼ Vo � By
2 xð Þ þ Bz

2 xð Þ � Bzo
2 xð Þ

� �

=8pMNoVo � P xð Þ � Po½ �=MNoVo ð1Þ

Vy xð Þ ¼ Bx=4pMNoVo½ �By ð2Þ

Vz xð Þ ¼ Vzo þ Bx=4pMNoVo½ � Bz xð Þ � Bzoð Þ ð3Þ

while Ohm’s Law and r 
 E = 0 give the additional ramp
relations:

Vy xð ÞBx � Vx xð ÞBy xð Þ þ Mc=eð ÞVx xð Þ@xVz xð Þ þ
c2=4ps
� �

@xBy xð Þ ¼ 0 ð4Þ

Vz xð ÞBx � Vx xð ÞBz xð Þ � Mc=eð ÞVx xð Þ@xVy xð Þ þ
c2=4ps
� �

@xBz xð Þ ¼ �VoBzo ð5Þ
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with a conductivity s = Ne/Mn, where n denotes the
collisional frequency. Expressing the velocities Vi as func-
tions of Bi, assuming a specific shape for the main magnetic
field component Bz and correcting it according to the last
equations, allows one to obtain the By(x) component and the
ambipolar cross-shock electric field: E = �V 
 B/c +
[(r 
 B) 
 B]/(4pNe) + (c/4p)hr 
 B � r Pe/Ne
(with resistivity h), which for the chosen configuration
with low b and h becomes Ex = �VyBz/c + VzBy/c � @x(Bz

2 +
By
2)/8pNe. Additionally, in the frame of the shock, there exists

a motional electric field Ey, which in a stationary configura-
tion is constant across the shock ramp. One may observe that
an important contribution to By as well as to Ex is proportional
to the derivative of Bz. As an ansatz to form a self-consistent
configuration of electromagnetic fields, we chose Bz =Bzo 0.5
[(r + 1) + (r� 1) g(x/d)], with g(x) = 0.125 [3x5� 10x3 + 15x]
in the shock region �d < x < d, and constant outside of the
ramp such that the ramp function and its first derivative are
continuous; it describes a ramp increasing by a factor r and
extending over width 2d. With an adiabatic or other pressure
profile all the components of the magnetic and electric field
are then uniquely determined.
[15] Figure 2 shows the electromagnetic field components

across the shock for a set of shock parameters: plasma b =
0.01, the angle of the magnetic field off the perpendicular
direction q = 10
, shock width 2d = c/wi, and ratio of ion
gyro-to-plasma frequency = 0.002. The magnetic field
components are normalized to the upstream magnetic field,
while the electric field components are normalized to the
electric field resulting from the transformation between the
plasma and the shock frames. It is evident that an ion which
crosses the shock may be significantly influenced by an
increase and rotation in the magnetic field, as well as by the
cross-shock potential and the motional electric field.
[16] The experimentally observed shock exhibits often

temporal dependence and nonstationarity of its profile,

while plasma simulations indicate self-reformation of the
high Mach shock front on the scale of the ion gyrofrequency
[Scholer et al., 2003]. Regarding the diffusive acceleration
process, the turbulence due to energized particles, mainly
downstream, is crucial for the required scattering in Fermi
acceleration. In order to simulate the additional turbulence
on particle phase space motion, we impose on top of the
shock model a spectrum of Alfven waves. This turbulent
spectrum prescribes parallel and oblique waves which allow
to interact with a variety of wave phase velocities; the two-
dimensionally was shown as an intrinsic part of the spec-
trum in the heliosphere [Roberts and Goldstein, 1999] and
in general cosmical plasma [Goldreich and Sridhar, 1995].
Specifically, we take a large number (200–500) of plane
waves with a random propagation directions with respect to
the local main component of the magnetic field for each
wave, random phases and amplitudes drawn from a Kol-
mogoroff distribution proportional to P(k) with a cutoff L
[Giacalone and Ellison, 2000]

P kð Þdk ¼ k2dk= 1:0þ kLð Þ11=3 ð6Þ

and the integrated power of the waves at the shock location
normalized to the ambient energy density given by st, with
a spatial decay rate of the turbulence power gL; since the
flow downstream is more disturbed than upstream, we
choose a larger decaying factor upstream (downstream
turbulence more extended spatially). Comparison of trajec-
tories with and without turbulence may indicate the
importance of surfing along the shock as an acceleration
process and as a prerequisite condition for the diffusive
shock acceleration mechanism.
[17] In the frame of a stationary shock the values of up

and down stream parameters are determined by the various
fluxes which are conserved across a shock. The conserva-
tion of the mass, momentum, and energy flux results in a

Figure 2. Components of the electromagnetic field across the shock. Shock parameters: MA = 2, b = 0.1,
q = 10
, n = 0.01 Wi. The width of the shock is ion skin depth: 2d = c/wi; ion gyro/plasma frequency
ratio Wi/wi = 0. 002. The gyrofrequency is related to the upstream bulk drift V and the gyroradius r: r =
V/Wi, V/c = 0.005.
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specific relation between the Mach number MA, plasma b,
the angle between the upstream magnetic field and the
shock surface q, the angle of the impinging upstream solar
wind with respect to shock normal f, and the increase in the
ramp value r, or equivalently in the compression ratio.
Figure 3 shows the solution of the relation between MA

and r for given b = 0.01, f = 0 and varying q between 0 and
90
. Here the adiabatic constant was taken as g = 5/3.
Varying g or f modifies the asymptotic values of the
compression ratio. For nonrelativistic shocks without any
feedback of the energized particles on the shock itself, the
compression ratio is bounded by 4 and for low Mach
number it is only slightly above unity, while a feedback
contribution due to the accelerated population may increase
the compression ratio to very high values [Eichler, 1984].
Figures 2 and 3, together with the time-dependent pertur-
bations with power given by equation (6), constitute the
configuration into which the seed particles are injected.

3. Numerical Simulation of Shock-Crossing Ions

[18] In order to analyze the effect of the propagating
shock on the trajectories of the ions, we employ the
electromagnetic structure as described in the model section
(Figure 2) for given parameters of the upstream plasma and
Mach number (Figure 3), with or without electromagnetic
wave perturbations. We choose a reference frame of the
(propagating) structure and follow representative ions in
phase space to discern the changes in their orbits with
different initial and varying external conditions. For each
particle we propagate in time a six-dimensional vector
which describes the phase space coordinates of the particle:
X = (x, y, z, vx, vy, vz). The set of the coupled equations

_X ¼ G Xð Þ ð7Þ

where G describes the prescribed, static or time-dependent
electromagnetic fields, is solved with an adaptive time step.

In the upstream domain the shock normal is chosen along
the x coordinate, while the oblique magnetic field is rotated
such that B = [Bo sin q, 0, Bo cos q] and E = [0, Ey = VoBo

cos q, 0]. Here q is the angle with respect the shock surface
which is related to the value of the cross-shock component
of the magnetic field. The normalization used describes the
time in units of the inverse upstream gyrofrequency Wo =
qBo/mc, the velocity in the upstream average drift Vo, and
distances in the upstream drift gyroradius Vo/Wo. Owing to
the structure of the electromagnetic forces, equation (7)
describes an autonomous (no explicit time dependence on
the right-hand side) and conservative (volume preserving,
i.e., rG = 0) system. The results are displayed as time
series of a phase space coordinate, two-dimensional
projections of the phase diagram or as a distribution
function versus the initial or final energies.

3.1. Shock-Crossing Ions: Gyrophase Sensitivity

[19] The particles which interact with the electromagnetic
inhomogeneous structure and wave turbulence may follow
elaborate paths in phase space due to the drifts in the
combined self-consistent electric and magnetic fields. In
the upstream unperturbed solar wind, in the shock frame,
the particles gyrate around the magnetic field and drift due
to the motional electric field, and as they encounter addi-
tional fields at the vicinity of the structure, they may
undergo significant modifications in their phase space
trajectories. The diversion of the trajectories due to the
inhomogeneity of the electromagnetic fields may depend on
the values of their energy, pitch angle, and gyrophase at the
shock entry. Therefore the final phase space density of the
ions may depend on their energies, and their initial pitch
angle and gyrophase distribution. Here we concentrate on
the effect of the initial upstream position (which determines
the gyrophase) on ion energization.
[20] Figures 4–6 display a subset of the phase space

cross sections of representative hydrogen ions with an
almost identical initial conditions, differing by a very small

Figure 3. Solutions of R-H equations forMA � r with given b and f and varying q. Perpendicular shock
is depicted as the leftmost graph.
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displacement in their positions (gyrophases). No wave field
are imposed.We present three ions with initial x (normalized)
positions at an arbitrary time t = 0: x = �39.67 (Figure 4),
�39.55 (Figure 5), and�39.25 (Figure 6). One observes that
small changes in the initial positionmay have a very profound
effect on the ion trajectory and result in a completely different
final location, pitch angle, and energy. In Figure 4 the ion
enters the shock around the time�40 Wo

�1 (Figure 4a) with a
relatively large x velocity (Figure 4d), which can be seen at
the intersection of the two curves and the changing topology
in the insert (Figure 4e); it encounters the full strength of the
cross-field electric field (Ex) and over time much shorter than
inverse gyrofrequency is slowed down slightly (Figure 4e)
(with an observable clear kink in the Vx(t) trajectory), and
traverses the structure without any drift (Figure 4c) along its
surface (y direction). As a result, its gyroradius decreases
(Figure 4a) as well as the kinetic energy (Figure 4h). In
Figure 5 the ion enters the shock with slightly different

gyrophase, and smaller x velocity (Figure 5d) on the
inner curve of Figure 5e, displaying a stronger kink, such
that it reverses its x velocity and therefore starts surfing
along the surface in the y direction over a short distance
(Figures 5b and 5c), crossing the structure with larger
gyroradius (Figure 5a) than on Figure 4 and with ap-
proximately adiabatic energy increase (Figure 5h). In
Figure 6 the ion enters the shock with a very small x velocity
(Figure 6d and 6e) and starts surfing along its surface over
large distance parallel to the motional electric field (Figure 6b
and 6c), acquiring an energy of 10 MeV. The process is
terminated when the cross magnetic field overcomes the
electric force. This is the essence of the kinetic process of
shock surfing [Sagdeev, 1966; Ohsawa and Sakai, 1987; Lee
et al., 1996; Zank et al., 1996, 2001; Lipatov et al., 1998;
Lipatov and Zank, 1999; le Roux et al., 2000; Rice et al.,
2000], which was applied mainly to the pickup ions. In both
last figures the diversion of flow due to Bx is indicated

Figure 4. Initial gyrophase effects. Time dependence and phase space cuts for given ion quantities:
(a) x(t), (b) y(t), (c) y versus x, (d) Vx(t), (e) Vy versus Vx, (f) z versus y, (g) Vz(t), (h) total kinetic energy
(in keV) versus time. The initial values are x = �39.67, y = 0.0, z = 1.0, Vx = 0.1, Vy = 0.2, Vz = 0.5.
Position are measured in motional gyroradii, velocities are normalized to the upstream solar wind
velocity. Shock parameters: Alfvenic Mach number = 2, plasma b = 0.1, upstream angle between the
shock surface and the magnetic field q = 5.0
, shock width 2d = 0.1 ion skin depths c/wi. The coordinate
orientation denotes the shock normal along x, the upstream/downstream magnetic field in the x-z plane
and the motional electric field along y. The upstream magnetic field is tilted by 85 degrees off the normal.
The ratio of ion gyrofrequency to ion plasma frequency is 0.002.
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by new Vz downstream (Figures 5g and 6g) and motion
reversal in z direction. Only a small subset of seed ions
enter the shock with a very small Vx and are effectively
trapped between the Lorentz force and the cross-shock
electrostatic field; as a result they are forced to drift along
the y direction where they are accelerated by the motional
component of the field (Figures 5–6). For the majority of
ions this sensitive condition is not satisfied, hence they
are decelerated in the x direction or heated adiabatically
and transmitted through the shock (Figures 4–5). Of
particular interests are the topological modifications
(inserts c and e), indicating important sensitivity to small
parameter changes. Ions with lower initial energy or those
encountering stronger electric fields may be reflected into
the upstream and then encounter the structure at another
location with different energy and gyrophase [Leroy et
al., 1982; Leroy and Winske, 1983]. One can conclude
that small deviations in the initial conditions may have a
significant effect on ion trajectory. The ion gyrophase
dictates the surfing energization. Clearly, the conditions of
longer trapping time and more efficient energization are
better satisfied for narrow structures.

3.2. Shock-Crossing Ions: Pitch Angle Sensitivity

[21] The sensitivity of particle trajectories to the initial
conditions and especially to the value of the normal (x)

velocity component during the entry into the shock region
may have important implications for ion acceleration by a
propagating shock when the flow angle of the plasma
changes with respect to the magnetic field. Since the shock
propagates through an inhomogeneous interplanetary
medium, the orientation of the magnetic field may change
while flow stays approximately radial, and the configura-
tion which is determined by the shock normal, plasma flow
and magnetic field may assume a variety of possible
geometries. Particles which cross a shock may have
encountered previously another shock or electromagnetic
obstacle which modifies the pitch angle of the interacting
ions (equation (3)). Therefore interaction between particles
and succession of adjacent shocks may be influenced by the
changing directions of the refracted drifts. Additionally, two
particles taken from an identical distribution function, with
the same energy but different pitch angles encounter the
shock with disparate values of the x component velocity
(gyrophase) and interact differently with the shock. In
contrast to a particle with a small Vx but large Vz which
can be slowed down, trapped by the Lorentz and electro-
static forces and start surfing along the shock, the equiva-
lent particle with a large Vx but small Vz has a very small
probability to be affected by the combination of the
electromagnetic forces and is less likely to be energized
by surfing.

Figure 5. Initial gyrophase effects. Same as Figure 4, with an initial position x = �39.55.
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[22] Figures 7 and 8 show two particles with identical
initial conditions, including the same set of locations and
energies, but with interchanged values of Vx and Vz. The
upstream parameters are slightly different from Figures 4–6,
with a twice broader structure and different magnetic field
inclination, to emphasize the generality of the energization
process. Similarly to Figure 6, Figure 7 shows a particular ion
which was energized via shock surfing, while majority of the
ions follow trajectories similar to Figures 4 or 5; in the runs
represented by Figure 8 (equal energy but different pitch
angle) no energization occurs. One observes that while a
subset of particles with initial conditions of Figure 7 may be
accelerated up to 0.5 MeVor more, depending on the initial
phase space resolution, no particles with the configuration of
Figure 8 are significantly energized by the shock. The
orientation of the ion drift (pitch angle) affects the gyrophase
and shock surfing energization of the thermal population.
This result may contribute to the recent study which con-
firmed the effect of shock geometry on the resulting ion
acceleration [Tylka et al., 2005]. In the absence of shock
surfing it may also help in modeling the rogue SEP events
which were analyzed via changing focusing lengths
[Kallenrode and Cliver, 2001b].

3.3. Distribution Functions of the Interacting Ions

[23] For relatively narrow structures, with a width of a
fraction of the ion skin depth, the effects described in

previous subsections show sensitivity to deviations in the
initial phase space coordinates (gyrophase and pitch angle),
hence a good resolution in this variable is required. In all of
the simulations a resolution of 0.0025 or higher in the x
coordinate (normalized to the motional gyroradius (Vo/Wo))
and 0.1 Vo in velocities is employed, in order to obtain a
good description for the energized particles. Therefore to
obtain a reasonably accurate distribution function of ions
interacting with a relatively narrow structure, one is required
to employ a large number of ions with a sufficient resolution
in the x position and velocity. For each value of energies
(velocities) we follow hundreds of ions with slightly chang-
ing initial positions; presentation of the resulting transmitted
or reflected trajectories in a format of Figures 4–8 for
thousands of ions creates a visually illuminating reconfig-
uration of the phase space. We repeat the calculations for a
variety of energies, pitch angles, and gyrophases, and
accumulate the final phase space positions to form an
energy distribution. It is clear that only a small subset of
particles is accelerated via shock surfing; however, the
importance of this process is in the availability of a direct,
local acceleration mechanism for the thermal population.
Explicit integration of particle trajectories is the most direct
evidence of the plausibility of a thermal source for the seed
population. These results, while averaged over the full
initial phase space may render a realistic distribution func-
tion as it emerges from the chosen seed population, in its

Figure 6. Initial gyrophase effects. Same as Figure 4, with an initial position x = �39.25.
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functional shape and in the absolute value of the density of
the accelerated particles. The ions in the energetic tail of the
distribution are the crucial ingredient of the population
which may be later trapped in the the quasi-stable orbits
of terrestrial magnetic field. Upstream ions which cross the
CME shock propagate generally sunward along the helio-
spheric field lines; since these fields increase toward the
Sun, most of the ions will be reflected by the mirror force
and those with a favorable connection to the terrestrial
magnetosphere may be trapped in the terrestrial orbits.
[24] Figure 9 shows the distribution functions averaged

over 50,000 H ions which enter a Mach-2 shock with a
width of 0.1 ion skin depth (approximately four electron
skin depths). The structure propagates with a velocity of
V = 0.005 c; the ions are distributed initially over 250 x
locations, covering a distance of one motional gyroradius,
along with 20 values of Vx and 10 values of Vz in the range
of 0.1–1.0V, i.e., in the shock frame they approximately
describe a spread of �60 keV. The seed population is
depicted by asterisks, while the emerging distribution is
illustrated by diamonds. One observes formation of an
energetic tail with a cutoff around 10 MeV. This result
emphasizes the availability of energization mechanism for
thermal populations to high energies at small Mach number

shocks, without a need of a turbulent medium which is
required for a Fermi diffusive scattering.

3.4. Shock Energization of Trace Elements

[25] During active solar periods, when coronal magnetic
activity and the number of impulsive flares increase sub-
stantially, the Sun emits intermittently ions with abundances
which differ from the standard coronal populations by a
significant enhancement of particular elements and isotopes
states [e.g., Reames et al., 1994]; they include mainly the
3He isotopes, elements around Fe with higher charge states
and set of ultra heavy elements at the Xe and Kr groups
[Reames, 2000; Mason et al., 2004]. At some periods these
trace ions fill a significant part of the heliosphere [e.g.,
Mason et al., 2002]. Together with the solar wind elements
and interstellar or interplanetary dust pickup ions, they may
serve as a seed population for an additional energization
process in the propagating shocks. ACE satellite provided
evidence that the seed population for shock acceleration
includes suprathermal heavy ions [Desai et al., 2003, 2004].
The question of energization of these trace heavy ions to
high energies is of importance since Fe or Kr ion with an
equivalent energy/nucleon to a hydrogen ion, is more than
50 times more energetic, i.e., energization of 1–10 MeV/

Figure 7. Geometrical comparison. Trajectory of shock-energized ion. Initial values: x = �19.2, y =
0.0, z = 1.0, Vx = 0.2, Vy = 0.2, Vz = 1.0. Shock parameters: Mach number = 2, plasma b = 0.1, q = 10
,
2d = 0.2 ion skin depths.
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Figure 8. Geometrical comparison. Typical trajectory. Same as Figure 7 with exchanged velocities.
Initial values: x = �19.2, y = 0.0, z = 1.0, Vx = 1.0, Vy = 0.2, Vz = 0.2.

Figure 9. Distribution function of 50,000 hydrogen ions averaged over the initial distribution consisting
of a seed population with 6–60 keV (in the shock frame). Shock width 0.1 c/wi, ion gyro/plasma ratio =
0.002. Linear energy interpolation was performed a posteriori.
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nucleon is equivalent to �0.1–1 GeV for heavy ions. Fe
ions were observed intermittently in trapped radiation belt
orbits at distances of 2–4 Earth radii after a passage of
interplanetary shock [e.g., Lorentzen et al., 2002].
[26] Observations of rare (Fe) ions during impulsive solar

events indicate that coronal energization applies to energies
from tens of Mev/nuc down to 10 keV/nuc [e.g., Mason et
al., 2002]. Models of coronal resonant processes are able to
energize selective elements with high charge states from the
coronal temperature of 100 eV (2 eV/nuc for Fe) to energies
at the range of 10 keV/nuc to more than 1 MeV/nuc [e.g.,
Roth, 2001]. Fe ion with an energy of 10 keV/nuc has
velocity (in absolute value) of the order of the fast propa-
gating shock (1000 km/s), allowing an effective interaction
with the shock. A small subset of gyrating Fe ions with
higher energies and appropriate gyrophases will be slowed
down at the shock encounter and trapped into shock-surfing.
Therefore the phase space of these ions, which may interact
with the shock, is not negligible. However, other minor ions
(C, N, O) which are not energized/enriched in the coronal
process (impulsive flare) are transmitted through the super-
sonic shock without surfing; the resulting enhanced ratio of
energetic Fe/O due to surfing consists of Fe ions with a
higher charge state.
[27] In order to represent the interaction of a heavy trace

element with the propagating shock we employ the same
procedure as described in previous sections for the hydro-
gen ions. We chose the representative trace element as
20Fe56 ion, since it is one of the most abundant ions
preenergized on flaring coronal lines by a possible wave
resonant processes [e.g., Roth and Temerin, 1997] and
emitted into the heliosphere. The trajectories of 20Fe56 ions
exhibit behavior similar to H ions as shown on Figures 4–6,
with a tiny minority being trapped along the shock surface.
Figure 10 shows the final distribution functions averaged
over 100,000 Fe ions which enter a Mach-2 shock with a

width of four electron skin depths. The shock propagates
with a velocity of Vo = 0.005 c; the ions are initially
distributed over 250 locations in x, covering a distance of
one gyroradius, along with 40 (10) values of Vx (Vz) in the
range of 0.1–1.0 Vo.
[28] One may observe the formation of an energetic tail

reaching 0.1 GeV (20 MeV/nuc). We conclude that minority
ions, exemplified here by Fe, which were emitted prior to
the emergence of the CME into the heliosphere, presumably
due to impulsive solar flares, can be accelerated by an
appropriate configuration to high energies even without the
diffusive shock acceleration mechanism. In the presence of
the turbulence the diffusive acceleration may extend the
energetic tail to higher energies.

3.5. Diffusive Contribution to Ion Acceleration

[29] The self-consistent narrow electromagnetic structure
forms a natural configuration enabling ion acceleration
directly from the thermal seed populations. However, for-
mation of an electromagnetic structure with a small width of
a fraction of ion skin depth requires particular conditions
with a continuous external drive: in the heliospheric context
it can happen in the initial stage of CME formation due to a
merging of two or more intense perturbations or when a
large velocity ratio between the interacting streams in the
solar wind flow is satisfied. As the shock evolves it tends to
relax its large inhomogeneities as well as to slow down due
to drag forces and, although the skin depth increases with
heliocentric distance, the (normalized) width of the shock
will generally increase. Additionally, as the shock propa-
gates into increasing heliocentric distances the local Mach
number increases and the flow becomes more turbulent. The
detailed evolution of the shock is beyond the scope of this
paper [Zank et al., 2000; Rice et al., 2003]; however, the
turbulent spectrum of waves is an inherent part of the shock.
Therefore in order to simulate the additional turbulence on

Figure 10. Distribution function of 100,000 20Fe56 ions averaged over the initial distribution of 250
locations in x and velocity spread with 40 (10) values of Vx (Vz) in the range of 0.1–1.0 Vo. Vo = 0.005 c;
shock width 0.1 c/wi.
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particle phase space motion, we impose in the stationary
shock model of section II a spectrum of Alfven waves, as
described at the end of that section. The main parameters
which determine the intensity of the waves are the ratio of
wave to the ambient energy density given in the range st =
0.4–0.8, the extent of the spatial turbulence given by the
normalized gL/(c/wi) = 50 (10) downstream (upstream, due
to this less turbulent region), and by the wave number cutoff
L/r = 100.
[30] Direct comparison of many pairs of runs with and

without turbulent wave activity and inspection of trajecto-
ries of ions in comparable cases indicate that the main
significant deviations in final trajectories occur for particles
which got energized via surfing and then undergo shock-
drifting with multiple shock crossings. We note that for a
vast majority of ions the effect of the waves is small.
Figures 11 and 12 show projections and time dependences
with identical initial conditions (Figures 11a and 12a)
without and (Figures 11b and 12b) with the inclusion of
wave spectrum, respectively, for two trajectories of ions
where the effect of the turbulence is significant. The
turbulence consists of 200 waves with intense power of
st = 0.8. The other parameters are: Wi/wi = 0.0015, 2d =
0.1 c/wi and V/c = 0.006. In the absence of waves the ion is
trapped at the entry into the shock and its phase space path is

similar to Figure 6 with an energization of 2.5 MeV. In the
presence of the turbulence one observes that the ion is first
accelerated surfing along the shock (its x position hardly
changes); after ejection from the shock downstream it
interacts with the waves and gets scattered, eventually being
reflected and brought back to the shock, performing multiple
crossings (Figures 12a and 12c) and drifting along the shock
(its x,y positions describe distorted gyration), with a slow
average increase in energy (Figure 12h). In this example the
shock-drift process is more prominent than the diffusive
acceleration. The final energy for this ion is 6 times higher
than the one without the turbulent interaction (Figure 11).
We note that some ions may be derailed from shock surfing
by the waves and their final energy will be decreased,
however generally, once preenergization has been accom-
plished, the energetic ion tail will be enhanced due to the
waves.
[31] Figure 13 shows the final energy distribution func-

tion averaged over 50000 ions with the inclusion of waves.
Although here we have chosen a broader shock width with
2d = 0.2c/wi (decreasing the energization due to shock
surfing) and smaller intensity waves with st = 0.4, one
finds that the tail of the distribution function extends above
10 MeV. We conclude that the surfing mechanism becomes
the most important energization mechanism in the absence

Figure 11. Time-dependence and phase space cuts without turbulence. Shock width 0.08 c/wi, ion gyro/
plasma ratio = 0.0015. V/c = 0.006.
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Figure 12. Same as Figure 11, with an imposed turbulence: st = 0.8.

Figure 13. Distribution function of 50,000 hydrogen ions averaged over the initial distribution
consisting of a seed population with 6–60 keV, in a presence of waves. Wave power (normalized) st =
0.4, shock width 0.2 c/wi, ion gyro/plasma ratio = 0.002, V/c = 0.006.
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of a substantial turbulence, and a prerequisite condition for
an initiation of the diffusive shock acceleration process.

4. Discussion and Summary

[32] The Sun ejects into the heliosphere minute amount of
its mass, energy, and due to the magnetic field embedded in
the ejected plasma, magnetic helicity, in the form of solar
wind and CMEs. Although the amount of the ejected
quantities is minuscule in comparison with the total solar
content, they may have an impact on the evolution of the
solar magnetic field structure (possible accumulation of
CMEs helicities over the solar cycle may contribute to the
reversal in solar magnetic polarity), on the formation of very
energetic ion fluxes (creating hazard to human exploration
of space) and on the intense perturbations to the terrestrial
magnetic field (which may enhance the fluxes of relativistic
radiation belt electrons with serious implications for the
functionality of human technology). It is assumed generally
that shock-energized particles have a very small impact on
the evolution of the heliospheric shocks because their
pressure is insufficient to modify the shock structure (al-
though the most intense shocks, similarly to the 20 January
2005, as well as galactic shocks, may not satisfy this
condition). However, in the same way as the CME may
be used as tracers of phenomena occurring below the solar
atmosphere, energetic particles become effectively early
messengers transmitting information on processes which
happen along the trajectory of the propagating shock.
Owing to the uniqueness of the interaction between the
shock, the ambient plasma and the seed population, ener-
getic tail may contribute to our understanding of the
propagating shock characteristics.
[33] The CMEs are emitted due to a major relaxation of

the stressed coronal field; they propagate supersonically
with respect to the solar wind plasma and carry a shock
wave ahead of their propagation front. The energetic par-
ticles which stream away from the shock interact with the
background plasma, forming in its vicinity a turbulent
Alfvenic region. The CMEs are formed mainly during
magnetically active solar periods, producing intense and
direct effects on the terrestrial magnetosphere. Some of the
resulting magnetic modifications reduce remarkably the
terrestrial ring current, initiating the long-term magnetic
storms, while others trigger an abrupt impulse on the
terrestrial field causing a storm sudden commencement.
[34] Time profiles of heliospheric ion count rate intensi-

ties often indicate formation of very intense fluxes of
energetic ions in relative proximity to the Sun, where even
for the fast propagating shocks the Alfvenic Mach number
and the turbulence levels are low. Hence the value of a high
Mach number with an enhanced level of turbulence are not
always the crucial factor for an effective energization, and
formation of these fluxes creates dilemma regarding the
acceleration mechanism. The shock satisfies a set of con-
servation laws which connect the variables on both the
upstream and downstream sides; however, the thickness of
the magnetic ramp is not determined by these conservation
laws; it evolves self-consistently due to the dynamic inter-
action with the plasma. Therefore one of the plausible
configurations which is able to energize a subset of ions
involves a narrow sheath or substructure, formed due to

merging of multiple CME perturbations with a rotation of
the magnetic field and enhanced cross-shock electric field.
This combination of fields may ‘‘trap’’ some ions along the
shock surface and energize them due to the motional electric
field.
[35] Measurements of the ramp thickness raise an impor-

tant question relevant to the present analysis. Most obser-
vations at the Earth’s bow shock [Scudder et al., 1986; Bale
et al., 2003] at high Mach number and simulations [Leroy et
al., 1982; Quest, 1986] indicate ramp thickness of the order
of hydrogen gyroradii; Lever et al. [2001] emphasized the
efficiency of shock surfing for a sufficiently narrow ramp
where the electrostatic cross-shock amplitude, which was
derived from hybrid simulations, decreased with an increas-
ing Mach number, while Bale et al. [2003] showed exper-
imentally that the shock width covers the range of 0.25–5.0
ion skin depths with a peak at 0.5c/wi, and the ion inertial
scaling increases approximately linearly with the Mach
number. In contrast to the Mach number values at the
bow shock, the interplanetary shocks slow down signifi-
cantly during their propagation to 1 AU; the spread in
their Mach numbers indicates that most of these shocks
have MA = 1.5–5, with an extended tail reaching MA = 15.
The very fast CMEs which form shocks in the solar vicinity
and propagate along path of decreasing Alfven velocity,
belong to those at the tail of the observed distribution.
Extrapolating the bow-shock finding to the low-Mach
propagating shocks at 1 AU and beyond (CME and CIR)
one may argue that these quasi-stable structures with widths
of the order of ion gyroradius may allow some surfing,
however their lower speed limits the energization of the ion
tail; the pickup ions become then the most favorable source
for the seed population. The narrow substructures which we
are concerned with result due to interaction of multiple
‘‘sympathetic’’ or homologous CMEs which are emitted
from the corona in short time intervals and high speed.
The resulting electromagnetic reconfiguration may result in
a formation of much narrower substructures which favor
ion surfing and formation of energetic tail in the ion
distribution.
[36] Although CME shocks energize solar wind plasma

with coronal abundances, intermittent observations of en-
hanced fluxes of rare elements, mainly Fe and 3He, in
correlation with propagating shocks indicate that the seed
population was contaminated by the minority elements. The
high charge states of the heavy elements, which are signif-
icantly higher than for similar SW ions, indicate a flare
source. Among the heavy elements the impulsive flares
enrich mainly high charge states of the Fe group, in contrast
to other minor ions (C, N, O) which are not energized in the
coronal process. The number of impulsive events increases
significantly during active solar periods (1000/year), seed-
ing the population for the more rare large SEP events (10/
year). Therefore minority elements which were ejected from
the corona become natural seed candidates for an additional
shock energization. Among the rare elements, shock surfing
is more easily accessible to ions which were preenergized
by coronal processes; hence their interaction with a CME
shock which emerges from the Sun with a low Mach
number results in a strongly enhanced energetic Fe/O ratio
and high Fe charge state. Since shock surfing is very
sensitive to the preenergization of the heavy elements, this
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ratio and the charge states may become strong indicators to
the importance of the surfing mechanism.
[37] We conjecture that shocks which are formed at the

leading edge of CME become the initial intense accelerators
of energetic particles. Particularly, close to the initiation site
of the CME, at low Mach values, formation of a narrow
electromagnetic structures becomes plausible due to merg-
ing of multiple shocks which propagate with different
speeds. The resulting substructures sustain a configuration
of narrow sheaths with strong magnetic field gradients,
energizing the ions via shock surfing in the low Alfven
Mach numbers and low turbulence level, while plowing
through the background plasma. As the shock propagates
away from the Sun into the interplanetary space, its width
increases in units of skin depths and its narrow substructures
widen and merge, decreasing the efficiency of shock surf-
ing; however, as the increasing Alfven Mach number with
heliocentric distance enhances the turbulence around the
shock, the diffusive shock acceleration (first-order Fermi
mechanism) becomes the main acceleration process. There-
fore it is plausible that the existence of the first sharp peak
in intensity of energetic ions at few solar radii is related to
the formation of a narrow structure in the emerging shock.
[38] The CME-related shocks as observed by satellites

and analyzed in global simulations involve intricate struc-
tures, where both the magnetic field and bulk plasma flow
display oblique angles with respect to the shock. Therefore
two similar shocks with almost identical properties (speed,
strength, size) can energize ions differently when the
relative configuration between the shock, the magnetic field
and the bulk speed is significantly modified. Differences in
configuration may include also a propagating structure
versus combination of two structures moving in tandem,
such that ions which were affected by the first form an
energized population which interacts with the adjacent one
at different geometrical configuration; the resulting spec-
trum may vary substantially from the one which emerges
due to an interaction with only one structure. These con-
figurations may explain partially the different observations
of H and/or Fe ion enhancements for similar shocks.
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