
HAL Id: insu-02926925
https://insu.hal.science/insu-02926925

Submitted on 1 Sep 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Injection and acceleration of ions at collisionless shocks:
Kinetic simulations

M. Scholer, H. Kucharek, Vladimir Krasnosselskikh, K.H. Trattner

To cite this version:
M. Scholer, H. Kucharek, Vladimir Krasnosselskikh, K.H. Trattner. Injection and acceleration of
ions at collisionless shocks: Kinetic simulations. Acceleration and transport of energetic particles
observed in the heliosphere (ACE-2000 symposium), 2000, Indian Wells, United States. pp.250-257,
�10.1063/1.1324320�. �insu-02926925�

https://insu.hal.science/insu-02926925
https://hal.archives-ouvertes.fr


Injection and Acceleration of Ions at
Collisionless Shocks: Kinetic Simulations

M. Scholer1, H. Kucharek^V. V. Krasnosselskikh2, and K.-H. Trattner3

^ Max-Planck-Institut fur extraterr. Physik, 85740 Garching, Germany
2LPCE-CNRS, 45045 Orleans, France

^Lockheed Martin Missiles and Space, Polo Alto, CA 94304

Abstract.
Kinetic simulations of collisionless shocks have provided a wealth of information on injection and acceleration of thermal
ions into a diffusive acceleration process. At quasi-parallel shocks upstream diffuse ions and the induced upstream
turbulence are an integral part of the collisionless shock structure. Before injected into a diffusive acceleration process
thermal ions are trapped near the shock and are accelerated to higher energies. The injection and acceleration process
for thermal ions at quasi-perpendicular shocks depends on the possibility of these ions to recross the shock many times.
A viable mechanism for injection is cross-field diffusion of the specularly reflected ions after they have crossed the
shock into the downstream region. Determination of the cross-field diffusion coefficient in strong turbulence suggests
that specularly reflected ions can recross the quasi-perpendicular shock and can get further accelerated. At more oblique
shocks the same injection process as at quasi-parallel shocks can work: particles gain high enough velocities during their
first shock encounter so that they can escape the shock along the magnetic field in the upstream direction. Because of the
form of the pickup ion distribution in velocity space there seems to be no problem for accelerating these ions at either
quasi-parallel, quasi-perpendicular, or perpendicular shocks.

INTRODUCTION AND BACKGROUND

Shocks ara an important site for particle acceleration
in astrophysical settings. In particular the first order
Fermi acceleration mechanism as formulated by Krim-
sky (1), Axford et al. (2), Blandford and Ostriker (3),
and Bell (4) has been widely employed in cosmic ray
physics. The diffusive shock acceleration theory is not
concerned with the question how a certain part of the am-
bient particles is injected into the acceleration process,
but starts with suprathermal seed particles, which can ei-
ther be already present in the upstream flow or are in-
jected at the shock. One of the important questions in
ion acceleration at collisionless shocks is how ions are
extracted from the thermal population and are injected
into a subsequent acceleration process, which usually is
assumed to be diffusive shock acceleration. By thermal
population we mean here and in the following the up-
stream plasma, i.e., in case of the heliosphere the solar
wind. This so-called injection problem is of great inter-
est, since once we understand injection we may be able
to predict the flux in the suprathermal energy range at
the shock. Standard diffusive shock acceleration theory,
with possible complications as adiabatic deceleration in
the solar wind etc, will then predict spectral shapes and

absolute fluxes of the accelerated particles. Most detailed
information on ion acceleration comes from in situ mea-
surements at the Earth's bow shock and, to a lesser ex-
tent, at interplanetary traveling shocks and shocks bound-
ing corotating interaction regions. Shocks are usually di-
vided into quasi-perpendicular and quasi-parallel depend-
ing on whether the angle between the upstream magnetic
field and the shock normal, 0^n, is > or < 45°, respec-
tively. There is no principal difference in the Fermi ac-
celeration mechanism between quasi-parallel and quasi-
perpendicular shocks: diffusive shock acceleration only
requires scattering between the upstream and the down-
stream region. The acceleration efficiency is determined
by the diffusion coefficient in the shock normal direction,
which consists of a contribution from the parallel (to the
magnetic field) diffusion coefficient and a contribution
from the perpendicular (cross-field) diffusion coefficient.

Ion distributions observed upstream of the quasi-
parallel and of the quasi-perpendicular bow shock differ
considerably (5). This may lead us to believe that the in-
jection mechanism also differs for the two regimes. There
are two problems with using in situ particle observations
obtained upstream of the Earth's bow shock in order to
delineate the seed particles: firstly, bow shock observa-
tions are complicated by the fact that the ion distribu-
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tions from the region upstream of the quasi-perpendicular
shock, like field-aligned beams, are convected by the so-
lar wind into the quasi-parallel regime and can thus inter-
act with the quasi-parallel bow shock. Secondly, obser-
vations can not give us information about the initial dis-
tribution which is subsequently further accelerated; one
observes a more or less final state and it is not possible
to distinguish between ions just having been injected or
those which have been scattered between the upstream
and downstream medium many times and partake in a
Fermi acceleration process. The latter also holds for in-
terplanetary shocks.

However, the question arises whether a distinction be-
tween injection and acceleration is at all possible. Ac-
cording to the view held by Malkov and Volk (6) "the
problem of injection consists not so much in the source
of the particles to be injected, but in the way to describe
their acceleration out of the thermal distribution". A nat-
ural assumption for acceleration out of the thermal dis-
tribution is an extension of the diffusive acceleration the-
ory down to thermal energies, i.e., that also part of the
shock heated solar wind plasma can freely scatter across
the shock many times. In the case of quasi-parallel shocks
the upstream leaking thermal particles are simply the hot
downstream ions which have an upstream directed veloc-
ity which exceeds the shock velocity (both taken in the
upstream rest frame). This model has first been devel-
oped by Ellison (7) using Monte Carlo particle simula-
tions, wherein particle trajectories are determined from a
prescribed scattering law (elastic scattering). These sim-
ulations can model thermal particle injection and accel-
eration and determine simultaneously the average shock
structure, including shock mediation by the accelerated
particles. Predictions of this model for spectra and abun-
dances agree favorably well with the observations at the
quasi-parallel bow shock, which is maybe not too surpris-
ing, considering the fact that the scattering law contains
several free parameters, as rigidity dependence and ab-
solute value, which have to be adjusted. Ellison et al.
(8) have extended their Monte Carlo model for oblique
shocks by assuming that particles are scattered parallel
and perpendicular to the field according to a hard sphere
scattering law, i.e., the perpendicular diffusion coeffi-
cient is given by KJ_ = K||/(l + r)2) where T) is related
to the parallel mean free path A,|| = 3K||/v by A,|| = r\rg
with rg and v as the particle's gyroradius and velocity,
respectively. The parameter T| determines the scattering
strength, and injection and acceleration becomes efficient
when scattering is strong (rj « 10).

The same idea, i.e., that also part of the shock heated
solar wind plasma can freely scatter across a shock many
times, has been put on an analytical basis by Malkov and
Volk (6). They have extended the theory of diffusive par-
ticle acceleration to low particle energies, where the dif-

ference between the upstream and the downstream fluid
frame is essential and where the particle distribution at
the shock may become highly anisotropic. In their model
for parallel shocks wave excitation and pitch angle scat-
tering are treated self-consistently by assuming that pitch
angle scattering is due to self-excited MHD waves prop-
agating along the ambient magnetic field. These waves
are excited in cyclotron resonance due to the pitch an-
gle anisotropy of the backstreaming ions, i.e., by an elec-
tromagnetic ion/ion beam instability. Quasi-linear theory
results in two coupled equations for the evolution of the
particle distribution and the wave spectrum. The solution
for the particle spectrum contains the source of the par-
ticles to be injected. As the source of the injected parti-
cles Malkov and Volk (6) also assume downstream heated
particles with a velocity exceeding the shock velocity, al-
though other sources can, in principle, be incorporated.
To summarize: the Monte Carlo model (7) assumes that
the heated downstream solar wind scatters according to a
hard sphere scattering law and thus circumvents the in-
jection problem; the model predicts absolute fluxes and
spectra. Theory (6) is an extension of the diffusive accel-
eration theory valid in the suprathermal energy range.

INJECTION AND ACCELERATION AT
QUASI-PARALLEL SHOCKS

First results on the direct injection of ions out of the
incident thermal plasma at a collsionless shock into the
Fermi acceleration mechanism were based on hybrid sim-
ulations of an exacactly parallel shock (9). In hybrid
simulations the ions are treated as macroparticles and the
electrons are represented by an inertialess electron fluid.
Thus frequencies of the order of the ion gyrofrequency
and smaller, and length scales of the order of the ion in-
ertial length are treated correctly. Following the work by
Quest (9), Scholer (10), Kucharek and Scholer (11) and
Giacalone et al. (12) have performed hybrid simulations
of quasi-parallel shocks which resulted in upstream dif-
fuse proton densities of 3-4% of the incident solar wind
proton density. Giacalone et al. (12) introduced artifi-
cially a high level of upstream magnetic field fluctuations,
so that the injected ions were efficiently scattered back
and forth between the upstream and downstream region.
This led to the build up of a power law distribution of
the diffuse particles in the low energy region as predicted
by steady state diffusive acceleration theory. Trattner and
Scholer (13, 14) included self-consistently He2+ in their
shock simulations and found that a few percent of the up-
stream He2+ ions are extracted at the shock and are sub-
sequently further accelerated.
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FIGURE 1. Differential flux (arbitrary units) of protons down-
stream of simulated shock (0#w = 5°, Alfven Mach number =
4.1 )for 3 different values of upstream imposed magnetic field
turbulence (from 15).

Scholer et al. (15) performed quasi-parallel shock sim-
ulations for a wide range of parameters. In particular,
they were concerned with the spectral shape of diffuse
ions. Figure 1 shows downstream energy spectra (differ-
ential flux) in a log-log representation for 3 different val-
ues of upstream imposed turbulence (e = total integrated
upstream power in the magnetic field fluctuations). En-
ergy is in units of the shock ram energy Ep — mpv*/2,
where vu is the upstream bulk speed relative to the shock
and mp the proton mass. One can see the heated down-
stream plasma at low energies and a second population
with a high energy cut-off, which is simply due to the fact
that the acceleration time is limited. The spectra of the ac-
celerated particles can be expressed as exponentials in en-
ergy; the e-folding energy (normalized to the shock ram
energy) increases with time (which can be transformed at
the bow shock into magnetic field connection time) and
with £, the level of upstream turbulence. At the same so-
lar wind ram velocity the e-folding energy increases with
shock Mach number. Spectra of diffuse protons and alpha
particles are known to exhibit e-folding energies which
are about equal in energy per charge. In order to explain
this in terms of the Fermi acceleration model it has been
assumed in the past that there is no or very weak scat-
tering beyond some distance upstream of the bow shock
(free escape boundary). If the diffusion coefficients for
protons and He2"1" ions are identical at the same energy
per charge steady state Fermi theory with a free escape
boundary predicts for the spectra equal e-folding ener-
gies in energy per charge. However, Scholer et al. (15)
have argued that the introduction of a free escape bound-
ary is an artifact introduced in order to obtain exponential
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FIGURE 2. Histogram of number of H and He2+ ions versus
velocity in units of shock velocity (upper panel) and energy per
charge in units of shock ram energy (lower panel), when the
particles cross for the first time a boundary 10 ion inertial length
upstream of the shock (from 15).

spectra by a steady state theory, since steady state shock
acceleration theory in an infinite medium predicts power
law distributions. In particular a Monte Carlo simulation
is intrinsically steady state; in such a theory a spectral
cut-off can only be obtained by a free escape boundary or
some other loss process. Lee (16) has actually proposed
cross-field diffusion to the flanks of the bow shock as a
possible loss process leading to exponential spectra.

What can we learn from the hybrid simulations as far
as injection is concerned? In order to obtain the /'injec-
tion spectrum" we imagine a boundary close to the shock.
We then determine the distribution of the solar wind ions
which later in their life become diffuse upstream ions
when they cross this boundary the first time in the up-
stream direction. Figure 2, taken from Scholer et al. (15),
shows in the upper panel the number of backstreaming
ions versus velocity in units of the shock ram velocity
vu (upstream bulk velocity in the shock frame) and ver-
sus energy per charge (E/EP)/Q (lower pane). In this
run He2+ has been included self-consistently. The up-
per panel shows the following: a large contribution to
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the spectrum consists of ions, which have in the shock
frame about shock ram velocity (v/vr ~ 1), i.e., which
are specularly reflected at the shock. However, the in-
jection spectrum extends to several tens of the shock ram
energy and is almost identical for both species when eval-
uated at equal energy per charge. Firstly, it is not nec-
essarily the subsequent diffusive shock acceleration pro-
cess, which determines the ordering in energy per charge;
the injection spectrum exhibits already such an ordering.
Secondly, injection is not from the hot downstream dis-
tribution. If it were so, the injection spectrum should not
drop to zero at zero velocity. If heated downstream ions
escape upstream the maximum intensity is expected to be
at v = 0 in the shock frame which, as can be seen from
Figure 2, is clearly not the case. Such a simplified kine-
matic leakage model does not take into account that the
downstream particles are trapped in the large amplitude
downstream waves originating upstream from the turbu-
lence excited by the backstreaming ions. Malkov (17) has
suggested a model where the large amplitude downstream
waves efficiently trap the thermal ions and regulate their
upstream leakage. We will come back to this model later.

One can gain more insight by investigating individ-
ual particle orbits from a typical quasi-parallel shock run.
Figure 3 shows in the top panel the trajectory of a pro-
ton in x — t space which ends up as a diffuse upstream
ion. x is the direction normal to the shock. The heavy
line is the shock position; upstream is to the left, down-
stream to the right. The unit of distance is the upstream
proton inertial length K0 (equal to the gyroradius for a
beta =1 plasma) and the unit of time is the inverse pro-
ton gyrofrequency Q"1. Because of technical reasons the
simulation frame is the downstream rest frame. In this
frame the shock moves in the upstream direction. The
thin line is the trajectory of a solar wind ion which moves
toward the shock. It reaches the shock at Qf ~ 80 and
stays for about 3 gyroperiods in the vicinity of the shock
before escaping upstream. The lower panel shows a plot
of perpendicular velocity V_L versus parallel velocity V||
during this time interval. The particle reaches the shock
and is reflected. Subsequently it's perpendicular velocity
increases by about a factor 3. It then bounces back and
forth between the shock and the upstream region, while
the perpendicular energy continues to increase.

Analysis of many trajectories like the one shown in
Figure 3 suggest that the acceleration process in the ther-
mal and suprathermal energy range is not well described
by a diffusive process. It is still true that the problem of
injection consists not so much in the source of the par-
ticles to be injected, but in the way to describe their ac-
celeration out of the thermal distribution; however, the
simulations seem to tell us that diffusive theory is not an
adequate description. This is not to say that there is no
diffusive shock acceleration. The backstreaming ions are
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FIGURE 3. Trajectory of a solar wind proton which becomes
energized at the shock in x -1 space (upper panel), and the
perpendicular versus parallel velocity during this time interval
(lower panel)

actually scattered in the upstream wave field, return to the
shock, and are further accelerated. Figure 4 shows a tra-
jectory of a proton over an extended time interval. After
initial contact with the shock the particle moves upstream,
interacts again with the shock for an extended time and
moves again upstream. This stage can be described by
standard diffusion theory, eventually taking into account
the particles anisotropy. But what seems to be also im-
portant is the fact that the particle is not scattered from
downstream, but is reflected at the shock ramp. In this en-
ergy regime the forces acting on the particles at the shock
ramp, like shock potential and magnetic mirror forces,
and thus the physics at the shock transition is of impor-
tance. A simple boundary condition, as the constancy
of the particle streaming, does not necessarily describe
correctly the ongoing physics. Likewise, a Monte Carlo
model which assumes a step-like change in the velocities
of the scattering centers, eventually mediated by the en-
ergetic particles, can not correctly describe the physics at
the shock ramp.

The simulations discussed above suggest that the prob-
lem of injection and acceleration can be divided into three
tasks: 1. Given the shock conditions, one has to de-
termine the distribution of particles originating from the
upstream flow which are reflected from the shock or es-
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FIGURE 4. Trajectory of a diffuse ion showing multiple inter-
actions with the shock and scattering in the upstream medium

cape from downstream. 2. One follows trajectories of
these particles when they have multiple encounters with
the shock. 3. The particles have an energy which is high
enough so that their interaction withe the shock can be
described by standard diffusive shock acceleration the-
ory, possibly modified due to anisotropies. A model for
steps 2 and 3 has been developed within the framework of
quasi-linear theory in (6). However, since phase-mixing
is assumed in (6), this theory does probably not correctly
describe step 2. A description of the possible physics con-
cerned with step 2 based on hybrid simulation results has
been given by Sugiyama and Fujimoto (18). The large-
amplitude upstream and downstream waves lead to non-
linear phase-trapping of the particles injected in step 1:
the pitch angle of non-resonant particles changes over a
wide range within one gyroperiod. This leads to rapid
crossing from upstream to downstream and vice versa.
Since the energy in each wave frame is constant and
the phase velocity changes drastically from upstream to
downstream a particle moves, depending on whether it is
upstream or downstream, on circles with different centers
in v^ — V|| velocity space and moves to higher and higher
velocities. This is schematically shown in Figure 5 (from
18). However, so far no theory has yet been developed for
step 2 which results in a source function, which is then the
input for a diffusive theory (step 3).

The theory developed in (17) for step 1 is a thermo-
stat model, i.e., particles escape into the upstream re-
gion out of a hot downstream plasma. The large ampli-
tude downstream waves filter the hot plasma in its leak-
age upstream by resonant interaction. The model is self-
consistent: when the beam of escaping ions is weak, it
excites only small amplitude waves and the leakage will
be increased to produce stronger waves. Escaping ion in-
tensity and turbulence amplitude rest at some definite and
unique level. The theory developed by Malkov (17) is so

Shock Frame/ ., ^ ... _Upstream Wave Frame
Downstream Wave Frame

FIGURE 5. Schematic of the velocity space trajectory of a par-
ticle during repeated crossing of the shock front (from 18).

far the only theory which quantitatively predicts the injec-
tion rate and the turbulence level as a function of Alfven
Mach number and shock compression ratio.

We propose as an alternative possibility to the model
of leakage from a downstream thermostat a model for step
1, which is rather similar to the shock surfing mechanism
developed for quasi-perpendicular shocks (19, 20). We
assume that a solar wind ion is trapped at the shock ramp
in its motion along the magnetic field and is accelerated
perpendicular to the magnetic field by resonance in the
upstream circularly polarized wave. The resonance con-
dition is co - k\\ V|| = ±Q, where co is the wave frequency,
k\\ the wave vector parallel to the upstream magnetic field,
and V|| the parallel velocity of the particle. The accel-
eration can exist at the shock as long as the particles is
trapped, i.e., V|| is constant and zero in the shock frame.
In order for this to happen the force of the electromag-
netic wave in the parallel direction toward the shock has
to be balanced by some other force at the shock. This
force can be either the cross-shock potential or the elec-
tromagnetic force in the shock ramp due to the increase in
the tangential magnetic field component in quasi-parallel
shocks. In order to have V|| constant a specific spatial de-
pendence of the trapping force is required. Eventually
the particle is detrapped and leaves the shock in the up-
stream or downstream direction. The maximum energy
gain by this process is limited by the time the particle
stays trapped. So far, this theory is not self-consistent,
since it does not predict the injection rate and the rela-
tion to the upstream wave amplitudes. To summarize: the
Malkov theory (17) for step 1 depends on the downstream
region being a thermostat. It predicts which particles are
detrapped in the downstream turbulence and escape up-
stream, leading to upstream turbulence and determining
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the downstream wave amplitudes and is a leakage model.
In our model it is assumed that some solar wind ions per-
form a non-adiabatic motion when they reach the shock
so that their parallel velocity is small. The particles stay
trapped at the shock by the electric and magnetic forces in
the shock ramp and by the electromagnetic force exerted
by the incoming wave, and are accelerated in gyroreso-
nance with the upstream waves convected into the shock.

We have only briefly mentioned composition. The-
ory (17) makes also predictions about the dependence of
the injection rate on the mass to charge ratio of different
species. However, since this theory relies on the down-
stream region being a thermostat, assumptions have to
be made about the downstream thermal distribution func-
tion of the minor ions. Simulations have shown that de-
pending on Mach number and beta (upstream thermal to
magnetic field pressure) the minor ions are not thermal-
ized on the same scale as the protons. Thus a thermo-
stat model is not appropriate. In simulations of quasi-
parallel collisionless shocks where the upstream plasma
contains a few percent alpha particles as a minor compo-
nent it is found that the alpha particle of the incident solar
wind gyrate downstream as a coherent beam before be-
ing finally thermalized far downstream of the shock ramp
(14). During the gyration this beam reaches occasionally
the shock front and bunches of alpha particles escape up-
stream. They are subsequently scattered in the upstream
waves and can interact again with the shock, thus gaining
higher energies.

A final question is from where in velocity space the
injected and accelerated particles originate. In the simu-
lations in (14) the ions were sorted according to their ini-
tial velocity in the upstream rest frame (peculiar system).
The thermal speed of the upstream plasma is v//,. Ions
were subdivided into bins with equally spaced thermal
speed and the ratio of diffuse ion density to the ion den-
sity in each subpopulation was determined. No diffuse
ions originate from the core, i.e., from 0 < v < 0.5v^,
whereas the ratio of diffuse ions to incident ions in the
v > 2vth bin is, depending on the plasma beta, of the or-
der of 40%. Thus diffuse ions originate from the outer
region (in the peculiar system) of the distribution in ve-
locity space.

INJECTION AT
QUASI-PERPENDICULAR SHOCKS

An important question in shock acceleration studies
is whether upstream thermal ions can be efficiently in-
jected and accelerated at quasi-perpendicular shocks, i.e.,
shocks with 0^ > 45°. Backstreaming ions have been
observed at the Earth's quasi-perpendicular bow shock;

however, these ions seem to originate from locations such
that <~>Bn < 70° (21). When ®Bn > 70° specularly re-
flected ions at the Earth's bow shock are accelerated by
the interplanetary electric field parallel to the shock sur-
face and turned around under the influence of the Lorentz
force. When they return to the shock they have gained
sufficient energy to surmount the effective potential bar-
rier that originally caused their reflection and they end up
downstream. On the other hand energetic particles have
actually been observed at quasi-perpendicular interplane-
tary traveling shocks and at the quasi-perpendicular fore-
ward and reverse shocks bounding the corotating inter-
action regions. In order for charged particles to be ef-
ficiently accelerated by quasi-perpendicular shocks they
must encounter the shock several times. One way for this
to happen is by scattering rapidly enough that they dif-
fuse against the downstream convection. Since the mag-
netic field is nearly perpendicular to the flow, the diffu-
sion is across the magnetic field. Another way for par-
ticles to encounter the shock several times is by being
trapped between the electrostatic potential and the up-
stream Lorentz force. The latter mechanism (shock surf-
ing) has been proposed for acceleration of pickup ions
at quasi-perpendicular shocks (19, 20). This mechanism
can work for pickup ions, but not easily for thermal so-
lar wind ions, since it requires that the ions have in the
shock frame a velocity normal to the shock which is much
smaller than the solar wind bulk velocity. This is the case
for a fraction of the pickup ions at traveling interplanetary
shocks as well as at the heliospheric termination shock.

Self-consistent particle simulations of collisionless
shocks should results in the appropriate parallel and per-
pendicular scattering of thermal solar wind ions and pos-
sible injection and acceleration. However, these simu-
lations have been performed almost exclusively in one
or two spatial dimensions in such a way as to ignore
the coordinate normal to the plane containing the asymp-
totic magnetic field. Jokipii et al. (22) and Jones et al.
(23) have presented a general theorem according to which
charged particles in fields with at least one ignorable spa-
tial coordinate is effectively forever tied to the same mag-
netic line of force, except for motion along the ignorable
coordinate. Thus, 1-D and 2-D kinetic simulations of
quasi-perpendicular shocks can not give results on the in-
jection and acceleration of thermal ions. Since at present
long time 3-D simulations of shocksare not computation-
ally feasible, Giacalone et al. (24) have introduced an
ad hoc perpendicular diffusion in an 1-D hybrid simula-
tion of perpendicular shocks. In these simulations pickup
ions have been included self-consistently. Assuming a
scattering time of about 20 times the inverse ion gyrofre-
quency upstream of the shock these authors found that
only pickup ions are injected efficiently, whereas thermal
solar wind ions are not.
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The turbulence behind quasi-perpendicular shocks is
produced by the combined distributions of transmitted so-
lar wind ions and transmitted specularly reflected ions.
The specularly reflected ions gyrate downstream as a
gyrophase-bunched distribution. The combined distribu-
tion is susceptible to the Alfven ion cyclotron instabil-
ity and to the mirror mode instability. In order to de-
termine the parallel and cross field diffusion coefficient
in such a turbulence field Scholer et al. (25) have per-
formed 3-D simulations of a system consisting initially of
a core distribution and a gyrophase-bunched distribution.
From the temporal development of the spatial variance
over many particle trajectories a ratio of the perpendic-
ular to parallel diffusion coefficient of KJ_/K|| ~ 0-1 nas
been derived, which is by an order of magnitude larger
than the value predicted by hard sphere scattering, i.e.,
parallel scattering is considerably more effective than per-
pendicular scattering. Thus, it is expected that specu-
larly reflected ions are rapidly pitch-angle scattered onto
a sphere in velocity space. The perpendicular diffusion
coefficient results in a perpendicular scattering time con-
stant of Qr ~ 20. In the 1 -D quasi-perpendicular shock
simulations by Giacalone et al. (24) pitch angle scattering
was prohibited, since in the 1-D setup the instability with
k vectors parallel to the magnetic field can not be excited.
However, since specularly reflected ions should rapidly
pitch-angle scatter in a 2- or 3-D setup, they should be-
have as far as cross-field diffusion is concerned similarly
as pickup ions. Thus, the cross-field scattering in the tur-
bulence generated by the specularly reflected ions may
be sufficient to inject and accelerate these ions at quasi-
perpendicular shocks.

In oblique shocks, that is in a 0^ range between ~
50° - 60°, particles can get injected by the same mecha-
nism that works at quasi-parallel shocks: we have pointed
out that particles are trapped near the shock and gain en-
ergies of up to 10 times the shock ram energy before they
move upstream and are possibly further accelerated by
a diffusive acceleration mechanism. At these high en-
ergies particles can leave the shock in the upstream di-
rection for shock normal - magnetic field angles exceed-
ing 45°, can subsequently produce upstream waves, and
can get backscattered. 1-D simulations of oblique shocks
(®Bn — 60°) have indeed resulted in high energy back-
streaming ions. These simulations have to be repeated at
least in 2-D: in 1-D simulations only waves with k vectors
parallel to the shock nomal are allows whereas k of max-
imum growth is expected to be parallel to the magnetic
field.

INJECTION OF PICKUP IONS

The injection/acceleration of pickup ions by the shock
surfing mechanism (19 20) was already mentioned ear-
lier. Such a process cannot be modeled by hybrid simula-
tions since the mechanism relies on the spatial scale of the
shock potential being of the order of the electron inertial
length. Full particle simulations are necessary to verify
this acceleration mechanism. Pickup ions have a veloc-
ity distribution which is close to a spherical shell with a
radius of solar wind speed around the solar wind veloc-
ity. Pickup ions are easily reflected from quasi-parallel
shocks. The potential in a quasi-parallel shock helps to
decelerate the solar wind; a large part of the pickup ion
distribution has a velocity between zero and solar wind
speed and can get reflected at the shock, as has been seen
in 1-D hybrid simulations of Scholer and Kucharek (26).
Injection at quasi-perpendicular shocks by cross-field dif-
fusion is another possibility. Since a large part of the
pickup ion distribution has a very small velocity in the
shock normal direction these ions are able to recross the
shock due to cross-field diffusion many times. This has
been demonstrated in the hybrid simulations of Giacalone
et al. (24) and in the Monte Carlo simulations of Ellison
et al. (27).

SUMMARY

Self-consistent quasi-parallel collisionless shock sim-
ulations have shown that ~ 2 — 4% of the upstream ion
are extracted during their interaction with the shock and
are subsequently accelerated to higher energies. This may
not sound as an important result, but in view of the large
number of sceptics of such a process it is actually a rather
important result. The simulations have shown that the
injected and accelerated particles are an integral part of
the quasi-parallel shock structure: the upstream diffuse
ions excite waves via the electromagnetic ion/ion beam
instability. These waves are convected into the shock and
lead to dissipation. Detailed analysis of particle trajec-
tories during the simulations allows determination of the
processes which lead to injection and acceleration. Once
we know these processes, we may be able to construct
theoretical models. The models by Malkov (17) for the
injection from downstream and the model by Malkov and
Volk (6) for the diffusive process in the suprathermal en-
ergy range are particularly noteworthy.

The injection and acceleration process for thermal ions
at quasi-perpendicular shocks depends on the possibility
of these ions to recross the shock many times. A vi-
able mechanism for injection is cross-field diffusion of
the specularly reflected ions after they have crossed the
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shock into the downstream region. Determination of the
cross-field diffusion coefficient in strong turbulence sug-
gests that specularly reflected ions can recross the quasi-
perpendicular shock and can get further accelerated. One-
dimensional simulations of shocks cannot give results on
injection of thermal particles, even when an ad hoc per-
pendicular scattering is introduced. The specularly re-
flected particles have to scatter fast in pitch angle, so
that they have small velocities in the shock normal di-
rection. Pitch angle scattering is absent or only weak in
1-D simulations of perpendicular shocks since the exci-
tation of waves with wave vectors parallel to the mag-
netic field is excluded. We have to await fully 3-D sim-
ulations of quasi-perpendicular shocks in order to verify
such an injection and acceleration mechanism. At more
oblique shocks the same injection process as at quasi-
parallel shocks can work: particles gain high enough ve-
locities during their first shock encounter so that they can
escape the shock along the magnetic field in the upstream
direction.

We may almost state that pickup ions like to be accel-
erated, not only by shocks, but also by turbulent fields. In
magnetic field turbulence, as for instance behind shocks,
transit time damping can accelerate pickup ions, since
these ions have velocities exceeding the Alfven speed,
the minimum speed needed for transit time damping to
work (28). Pickup ions are reflected from quasi-parallel
shocks: hybrid simulations of quasi-parallel shocks have
shown that the reflection rate of pickup ions is large. They
can subsequently partake in a diffusive acceleration pro-
cess. At quasi-perpendicular shocks the surfing mecha-
nism is a possible mechanism. Cross-field diffusion at
quasi-perpendicular shocks can inject and accelerate ions
at these shocks. As far as pickup ions are concerned the
problem seems to be the determination of the dominant
acceleration mechanism in a particular situation. Simu-
lations and theory have to come up with better predic-
tions on the dependence of the injection efficiency on
the charge to mass ratios. Comparison with the excel-
lent ACE composition observations may eventually dis-
criminate between the various injection and acceleration
processes for pickup ions.
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