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Abstract. The acceleration of charged particles at shock waves
plays an important role in many fields of astrophysics, but only a
few shocks can be observed by in-situ measurements. Extrater-
restrial measurements at Earth’s bow shock and interplanetary
shock waves show that supercritical, quasi-parallel shock waves
are accompanied by large-amplitude magnetic field fluctuations
(so-called steepened wave structures) in the upstream region.
Test particle calculations with modelled electric and magnetic
fields of such steepened wave structures yield the acceleration
of thermal electrons up to nearly relativistic velocities (kinetic
energy in the keV range). For smoothly varying magnetic fields
an analytical treatment is possible in the framework of adiabatic
theory. These analytical calculations show that the acceleration
of electrons is caused by a particle drift in the direction of the
electric field due to a noncoplanar component of the magnetic
field at the steepened field structures. As an application of this
result the generation of solar type II radio bursts — the radio
signature of electrons accelerated at coronal shock waves - is
briefly discussed.

Key words: shock waves: acceleration of particles — Sun: radio
radiation

1. Introduction

Shock waves play an important role in astrophysics, since they
are able to accelerate particles (e.g. Fermi 1949, Axford et al.
1977). In the heliosphere shock waves appear as travelling shock
waves in the solar corona and the interplanetary space, planetary
bow shocks, pairs of forward and reverse shocks at corotating
interaction regions and the termination shock at the outer bound-
ary of the heliosphere. In the solar corona shock waves are gen-
erated by flares and/or coronal mass ejections (CME’s). They
manifest themselves as type II radio bursts (cf. Fig. 1) in dy-
namic radio spectra (e.g. Kriiger 1979, Nelson & Melrose 1985,
Aura3 1992, Mann 1995a). But other kinds of shock waves are
also emitting radio waves. For instance, interplanetary type II
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bursts observed below 1MHz are caused by travelling interplan-
etary shock waves (cf. Bougeret 1985). The radio emission of
Earth’s bow shock is described by Filbert and Kellog (1979),
Treumann et al. (1986) and Cairns (1986). Gurnett (1995) re-
ported on some serious hints for radio radiation of the termi-
nation shock. All these radio phenomena evidently show that
electrons are accelerated up to suprathermal and, partly, even
up to relativistic velocities.

Holman and Pesses (1983) suggested that the energetic elec-
trons needed for type II burst emission are produced by shock
drift acceleration. Leroy and Mangeney (1984) as well as Wu
(1984) showed that the accelerated electrons establish a shifted
loss-cone distribution in the upstream region of the shock. Such
a distribution is unstable and able to excite upper hybrid waves,
which convert into radio waves (Benz & Thejappa 1988).

Mann and Claflen (1995) argued that the energetic electrons
needed for the type II burst radiation can only be produced by
shock drift acceleration if the shock waves are nearly perpen-
dicular, i.e., 88° < 0, < 90° (0p,, angle between the shock
normal and the upstream magnetic field) under coronal circum-
stances. Since solar and interplanetary type II radio bursts ap-
pear for a few minutes and several hours, respectively (Nelson &
Melrose 1985, Lengyel-Frey & Stone 1989), it seems doubtful
whether the shock is able to keep within this small angular range
for such a long time. Therefore, Mann and Claen (1995) were
motivated to search for an electron accelerating mechanism at
quasi-parallel shock waves.

It is well-known from in-situ measurements at Earth’s bow
shock and interplanetary shocks that supercritical, quasi-parallel
shock waves are accompanied by large amplitude magnetic field
fluctuations (Kennel et al. 1985). Recently, so-called SLAMS
(Short Large Amplitude Magnetic Field Structures) are ob-
served as a common feature at the quasi-parallel region of
Earth’s bow shock (Schwartz et al. 1992). They are strong mag-
netic field compressions within a spatial range of 10 ion inertial
lengths (Schwartz et al. 1992, Mann et al. 1994). Mann and
ClaBen (1995) proposed a mechanism which allows to acceler-
ate electrons to subrelativistic velocities by multiple encounters
between two approaching SLAMS.
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Fig. 1. Dynamic radio spectrum of a solar type II radio burst occuring on July 7, 1994 showing different fine structures: Fundamental-harmonic
structure, “backbones” , multiple-lane structures (the single slowly drifting bands) and “herringbones” (for further explanations see text).
The horizontal lines are due to terrestrial transmitters (measurement of the radio spectrograph of the Astrophysikalisches Institut Potsdam in

Tremsdorf).

Electrons accelerated at coronal shock waves can indirectly
be studied analysing solar type II radio bursts (e.g. Nelson &
Melrose 1985). In general, a solar type II burst appears as an
ensemble of slowly drifting bands of enhanced radio emission
in dynamic radio spectra (see Fig. 1). The well known fine
structures of a type II burst are shown in Fig. 1. "Fundamental-
harmonic-structure” means that the radio emission of the funda-
mental band (e.g. the faint radio emission in the frequency range
40-90 MHz between 09:59 and 10:03 UT) appears also with a
doubled frequency (in our case even with a higher intensity)
at nearly the same time. The “backbones” are the slowly drift-
ing (Dy ~ —0.1 MHz/s), broad (A f/f ~ 0.3) main emission
bands. The “herringbones” are fast drifting (D ~ 10 MHz/s)
narrow band appendices shooting up at both sides of the back-
bone (observed at the harmonic band e.g. at time offsets 500
and 800 s). The herringbones are interpreted as highly energetic
electrons accelerated at the shock wave (Roberts 1959). The
high drift rate of this structure corresponds to the velocity of the
accelerated electrons, while the slow drift of the backbone cor-
responds to the velocity of the shock wave in the solar corona.
While the acceleration of electrons by multiple encounters be-
tween two approaching SLAMS was made responsible for the

generation of the herringbones (Mann & Claflen 1995) we want
to demonstrate in this paper that electrons can be accelerated up
to high energies within an individual SLAMS by analysing test
particle trajectories of electrons at modelled SLAMS.

A more detailed description of SLAMS will be given in the
next section. The analysis of test particle trajectories of elec-
trons at mathematically modelled SLAMS follows in Sect. 3.
There it is shown that electrons can be accelerated inside single
SLAMS. In order to get a better understanding of this acceler-
ation process, we will present an analytical treatment based on
the adiabatic motion of particles in smoothly varying magnetic
fields. As a possible application we will discuss the generation
of the fine structures of solar type II radio bursts, i.e., backbone
fine structures, bandsplitting and the patchy multiple-lane struc-
tures (Sect. 4). Thus, we will be able to give a type II theory
consistent with the observations, where the radio burst exciting
shock wave is assumed to be a quasi-parallel one.

2. Magnetic field structures at quasi-parallel shock waves

The bow shock of the Earth is the best investigated collisionless
shock in space plasmas wave. Because of its curvature it has
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quasi-perpendicular and quasi-parallel regions. In the upstream
region of the quasi-parallel bow shock a variety of magnetic field
and particle phenomena has been observed by a great number of
satellite missions. Different populations of ions backstreaming
from the shock are associated with low-frequency magnetohy-
drodynamic waves (ULF-waves) (Paschmann et al. 1979, Hoppe
etal. 1981). Further observations showed hot diamagnetic cavi-
ties, hot flow anomalies and magnetic pulsations (Greenstadt et
al. 1970, Schwartz et al. 1988). All these upstream phenomena
are often observed and seem to be closely related (Thomsen et
al. 1990).

The magnetic field structures discussed in this paper, the
aforementioned SLAMS, has been characterized by Schwartz
et al. (1992) as well-defined single magnetic structures with
large amplitudes of about 2 or more times the background field
and short durations of typically 10s (see Fig. 2). They seem to
grow from the well-known ULF-waves. Schwartz & Burgess
(1991) argued that a quasi-parallel shock transition should be
regarded as a patchwork of ULF-waves and SLAMS, which are
gradually decelerating the solar wind and subsequently forming
the downstream state.

Fig. 2 shows magnetic field data of a typical SLAMS sam-
pled by the magnetometer on board the AMPTE/IRM satellite
(Liihr et al. 1985). The magnetic field components are displayed
in a minimum variance system, which will be referred to later
as b-, by- and b,-component. A statistical analysis of 18 such
structures was carried out by Mann et al. in 1994. They showed
that SLAMS have typical amplitudes of 2.6 £ 1.2 times the am-
bient magnetic field. Furthermore SLAMS are associated with a
density enhancement of 2.3 & 0.8 times the unperturbed value.

SLAMS are propagating quasi-parallel to the undisturbed
upstream magnetic and develop as follows: Supra-thermal dif-
fuse ions in the far upstream region generate ULF-waves prop-
agating along the ambient magnetic field lines. Because of the
supersonic plasma flow the ULF-waves are convected back
towards the shock transition and during their approach they

magnitude of the magnetic field (measure-
ment of the AMPTE/IRM satellite).

steepen into so-called “’shocklets” and SLAMS. This scenario
is confirmed by two-dimensional hybrid simulations (Scholer
1993). Both the observations and simulations show that ULF-
waves and SLAMS can be considered as quasi-planar struc-
tures (Scholer et al. 1992, Mann et al. 1994). SLAMS have
a typical width of 10 ion inertial lengths, where the ion iner-
tial length is given by d; = c¢/wy, (c, speed of light, w,, =
((€2N,)/(m,¢€0))'/?, proton plasma frequency, with N, as par-
ticle number density of the protons and m,, as proton mass).

An analytical approach concerning the proporties and be-
haviour of ULF-waves and SLAMS using non-linear MHD
wave theory was tackled by Malara & Elaoufir (1991) and Mann
(1995b). This investigations showed that SLAMS can be re-
garded as simple magnetohydrodynamic waves, i.e., the mag-
netic field components can be described as functions of the form
b; = fi(x — Vgrt), where Vg is the propagation velocity of the
SLAMS.

In the following section the electron dynamics in this kind
of field structures will be discussed in form of test particle cal-
culations. Here it is worth mentioning that we are looking for
acceleration mechanisms of electrons and that these processes
cannot be found by hybrid simulations, where the electrons are
treated as a neutralizing fluid. On the other hand it should be
clear that the fraction of accelerated particles is not allowed to be
too great in order to avoid the influence of accelerated particles
on the given electric and magnetic fields.

3. Electron dynamics at steepened wave structures

In general, test particle calculations can provide useful insight
into zeroth-order particle behaviour and into sources of free
energy to drive instabilities (e.g. Decker 1988, as a review).
Therefore, we have to solve the equation of motion for single
particles in given electric and magnetic fields of SLAMS

W _  E+vxB).

dt )

Me
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Fig. 3. Mathematically modelled magnetic field components of a single
SLAMS in the SLAMS rest frame, the field components (b, solid,
by dashed-dotted, b, dashed line) are normalized to the unperturbed
background magnetic field and the spatial dimensions are normalized
to the ion inertial length.

In order to produce the typical magnetic field structures of
SLAMS we took mathematically modelled SLAMS in form of
simple MHD-waves (Mann 1995b), i.e., magnetic field compo-
nents b; = f;(€) (€ := x — Vgt) resembling the field measure-
ments of Fig. 2. An example is given in Fig. 3 where we used
Gaussian functions to describe the steepening of ULF-waves

bspy = cosy
bSLy = bmaxpf(g)
- {exp((s/w)sin(kg) if¢>0 2
M) exp(—(€/Ly)?) sin(k€) if € <0
bsrz = SinY + bmaxg(§)

. exp(—(&/L1)*) cos(k&) if€>0
S0 Y + bmax { exp(—(€/La)?) cos(k€) if€ <0

Here ¢ (with 0° < ¢ < 0p, < 45°) denotes the angle
between the propagation direction of the SLAMS and the un-
pertubed magnetic field. by, is the maximum magnetic field
compression and p (with |p| < 1) denotes the polarisation of
the SLAMS. The scales L and L, in the functions f(§) and
g(&) are introduced to produce the asymmetric behaviour of the
steepened waves. The magnetic field has been normalized to
the background magnetic field By and the spatial dimensions
are normalized to the ion inertial length. In Fig. 3 we chose
Ly=8,L,=12and k =0.1.

The electric field induced by the motion of the SLAMS
(in the plasma rest frame) can be computed using Maxwell’s
equation V x E = —0B/0t, yielding -0, E, = —0,B, and
0, Ey = —0,B,, with 0, = 0/0x and 0, = 0/0t, respectively.
After introducing the inverse proton cyclotron frequency we,, :=
eBy/m,, as a natural time scale and the ion inertial length d; =
¢/wpp as natural length scale the dimensionless electric field
e := E/cB, has the following form

(VSL/C)bmax ‘ 9(5) (3)
_(VSL/C)bmaxp : f(g) .

€SLy

€SLz
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Concerning the x-component of the electric field the induc-
tion law gives no information because of the structure of this
equation and our assumption that the field varies only with x
(and t). Furthermore the integration constants appearing in the
computation of the the e, - and e,-component have been chosen
in such a way that e = 0 is obtained outside the SLAMS.

The e,-component can be estimated analysing the plasma
flow at SLAMS. As already mentioned in Sect. 2 the plasma
flow inside a single SLAMS is only gradually decelerated. The
flow speed of protons inside the SLAMS can be estimated using
continuity equation. If we assume a steady plasma flow, the
flow speed outside (index o) and inside (index i) the SLAMS is
related via pouo, = p;us,. Thus, we obtain for the difference
in the kinetic energy of a single proton inside and outside the
SLAMS of
AW = (1/2ymyp(ug, — ui,) = (1/2ympu, (1 = (po/pi)’) (4)
For a starting velocity of u,, = 5V4, which is a typical plasma
flow speed at SLAMS, and with a density compression range of
1.5p, < p; < 3.1p, the energy difference is 7m, Vi < AW <
11m, V3.

On the other hand, if we analyse the particle trajectory of
a single proton penetrating a SLAMS given by Eqgs. 2 and 3
with egr, = 0 we find a deceleration from v,, = 5V4 to
roughly v;, = 1V4. This results in a difference of kinetic en-
ergy of AWy = 12m,, fo- The difference between the energy
losses calculated from continuity equation and test particle ap-
proach can be balanced introducing an electric potential inside
the SLAMS via e AP = AWyeee — AW. Thus, we find an elec-
tric potential in the range 1m,V; < eA® < 5m,V3. This
potential is correlated with an electric field in the x-direction
E, = —0,® acting over a distance of roughly L = 10d; (the
typical SLAMS scale length, cf. Fig. 3). The corresponding
electric field in dimensionsless quantities can be estimated via
er = By /(cBy) = —(A®/L)(1/¢By), i.e.,

1 Ad my, Vi
cBy 10d; = eBy 10cd; -

Va Va
¢ wepd;

esLa(§) = &)
With w.,d; = By/ (uompNe)l/ 2 = V4 as the Alfvén velocity
we obtain a egr,,-component smaller than 0.5(V4 /c). In com-
parision to this value the e,-component from Eq. 3 is about
10(V4 /c), obtained by setting Vs, = 5V4 and a mean value of
about 2 for the quantity byaxg(&) (cf. Fig. 3). Thus, the egr,-
component is one or two orders of magnitude smaller than the
ey- and e.-component in Eq. 3. For this reason we will neglect
the effects of the e,-component.

Since we are mainly interested in electron acceleration at
coronal shock waves in order to explain the observed solar type
IIradio bursts the plasma parameters in the solar corona at the 90
MHz plasma level are briefly summarized (cf. Mann et al. 1995).
Assuming that the radio emission at the fundamental band of
type II bursts (cf. Fig. 1) occurs at the electron plasma fre-
quency wpe = ((€2N.)/(meep))'/? the particle number density
of the electrons is given by N, = 10'*m—3. Assuming a four-
fold Newkirk model above active regions (Newkirk 1961) the 90
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MHz plasma level is located at roughly 0.6 R, = 420,000 km
above the photosphere. The magnetic field in such heights can
be estimated by an empirically determined formula given by
Dulk & McLean (1978) resulting in a magnetic field strength
of about 1 G. Thus, the natural units introduced before can be
assumed to d; = 30m, we, = 9.6 - 10° s and V4 = 280km/s
at the 90 MHz level in the solar corona. Furthermore, we will
adopt a coronal temperature of 7 =2 - 10°K.

Adding esr, = 0 to Eq. 3 the equation of motion (Eq.
1) was solved for the modelled magnetic field from Fig. 3
using a Runge-Kutta method for ordinary differential equa-
tions (e.g. Press et al. 1992). The results for the particle ve-
locity parallel to the local magnetic field v and for the “mag-
netic moment” mys := m.v} /2B are depicted in Fig. 4. The
equation of motion was solved for an electron starting at the
right hand side of the SLAMS using the aforementioned natu-
ral scale lengths, i.e., w¢p, d; and V4. Note, that | and m s
are depicted as functions of the particle position inside the
SLAMS, i.e., the electron starts at the right hand side of each
panel. Under the coronal conditions mentioned above the elec-
tron velocity within the SLAMS rises from a thermal value of
Vherm = (kT /me)Y/? = 20V4 = 5,500km/s up to about
300V = 0.3c. This justifies the non relativistic treatment of
the equation of motion. Leaving the SLAMS the velocity v
goes back to roughly 100V4 = 28,000 km/s. During this ac-
celeration process the electron energy is growing from a thermal
value of 0.1 keV to an energy of 20 keV inside the SLAMS in
an acceleration time of t,.c = 4.1w_ = 2.5 x 1077s. On the
other hand the value of the magnetic moment stays nearly con-
stant. In order to get a better understanding of the physics of this
acceleration process we are now going to discuss a simplified
analytical approach to our test particle calculations.

The behaviour of magnetic moment defined above can easily
be understood if we review some results from adiabatic theory
(e.g. Northrop 1963). There it is shown that for particle move-
ments in slowly changing magnetic fields, i.e., 71| Vb/b] < 1
andw_ !|0b/bOt| < 1 the magnetic moment is a so-called adia-
batic invariant. ', := v, /w, is the Larmor radius of the gyrating
particle. For thermal electrons under coronal conditions the Lar-
mor radius is roughly 0.3 m, while the magnetic field changes
on scales of several times the ion inertial length (30 m), so that
adiabatic theory can be employed.

In adiabatic theory the particle motion is subdivided into the
motion of the particle’s guiding center and into the particle’s gy-
ration (e.g. Northtrop 1963). Thus, the change in kinetic energy
dW/dt = F - v = —eE - v during the passage of a SLAMS can
be written as

aw dR

— —6( Rl
dt ~ dt

+ dWrot
dt

I d
B+ gt

EL) (6)

if we assume v = RHIA) + R, +7 (" = d/dt), with RHJ— as
guiding center velocity along and across the local magnetic field,
respectively. The last term is the pure gyromotion of the particle
around the (moving) guiding center. The same indices denote
the electric field components parallel and perpendicular to the
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local magnetic field and W, is the gyrating kinetic energy of
the electron corresponding to —cE - 7.

The particle’s energy gain can be estimated neglecting the
second and third term on the right hand side of Eq. 6 in compari-
sion with the first term. This can be shown setting p = 0 in Eq. 2
and 3 with the result that the velocity gain of the electron is about
ten times V4. The physical reasons for this behaviour are small
gradients in the magnetic field, slight bending of the magnetic
field lines (responsible for the guiding center drift perpendicular
to the direction of the magnetic field) and the invariance of the
magnetic moment (by which the change in the gyrating energy
is limited). From this point of view the electron accelerating
mechanism differs from the well known shock drift accelera-
tion: For the latter the energy gain is caused by an electron drift
perpendicular to the magnetic field in the direction of F | , i.e.,
the second term on the right hand side of Eq. (6) is responsible
for shock drift acceleration. For the mechanism presented in
this paper the electrons gain energy because of an electric field
component in the direction of the magnetic field, i.e., the first
term on the right hand side of Eq. (6) represents a locally acting
linear accelerator.

In order to study the motion along the local magnetic field
we substitute RH = (B/B.)(dz/dt), i.e., we study a projection
of the guiding center motion to the x-axis. Now Eq. 6 can be
solved as a function of the particle’s guiding center position x
within the SLAMS
“"E-B B

dx.

B B, (N

ﬂ;e [v](z1) — vij(z0)] = —e/

Zo

Using the aforementioned natural units to obtain dimen-
sionless quantities the energy gain can be written as (see
Egs. 2 and 3)

vh@) — vh@o) = 2Vsp tan g / e (®)
Me Jz,

This behaviour of the electron velocity is in very good agree-
ment with the numerical solution (cf. Egs. 1, 2 and 3) of the par-
ticle trajectories in Fig. 4. For an electron starting at the right
hand side of the SLAMS depicted in Fig. 3 the definite integral
f;}l by dx is positive as long as x; > 0. This follows from the
fact that both b, and the path element dx are negative so that
the electrons gain energy. For x; < 0 the electrons lose energy
causing a deceleration of the particle as depicted in Fig. 4. For
an electron starting at the left hand side of the SLAMS from
Fig. 3 the energy rises as long as x; < 0 because b, and dx
are positive in this area. For x; > 0 the electron is decelerated.
Thus, the energy gain can simply be approximated by a numeri-
cal integration of the b,-component from Eq. 2, i.e., the electron
acceleration is determined by the noncoplanar component of the
magnetic field.

Here it should be mentioned that an electron acceleration oc-
curs only for a b,-component as depicted Fig. 3or —1 < p < 0
in Eq. 2. For 0 < p < 1 the electrons encountering the SLAMS
are first decelerated and then they are accelerated (if their start-
ing energy was high enough) or are reflected. Furthermore, it
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Fig. 4. Electron velocity parallel to the local magnetic field and be-
haviour of the “magnetic moment” for an electron penetrating the
SLAMS from Fig. 3 as a function of the particle position inside the
SLAMS. The spatial dimension is normalized to the ion inertial length
and to the Alfvén velocity, the magnetic moment is depicted in arbi-
trary units. The electron starts with a thermal velocity of about 40 at
the right side (at & = 15) and ends with a velocity of about 120, while
the magnetic moments stays nearly constant.
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can be seen from Eq. 8, that the velocity gain vanishes, if the
SLAMS propagate exactly along the ambient magnetic field
(¢p = 0). Thus, the basic ingredients of the acceleration mech-
anism presented in this section are the noncoplanar magnetic
field component of SLAMS and their ability to propagate at an
oblique angle to the background magnetic field. Both properties
are well established in the observations of SLAMS (Mann et al.
1994) and in hybrid simulations of this structures (Kucharek &
Scholer 1991).

The velocity gain of the electrons leaving the SLAMS can
be obtained evaluating the definite integral f;i' b, dx with in-

tegration boundaries outside the SLAMS. If [ b, dx > 0 the
electrons starting at the right hand side of the SLAMS (at x()
are able to leave the SLAMS on the left side with a velocity
which is greater than the starting velocity (left side in the upper
panel of Fig. 4). Electrons starting from the left side are not able
to get through the SLAMS; they get stuck in the right side at .,
where fér b, dx = 0, are subsequently reflected and leave the

SLAMS on the left side again. If [ b, dz < 0 the electrons
from the right side are reflected and the electrons encountering
from the left side leave the SLAMS with a higher energy than
their starting energy. In case of fi)‘ by dx = 0 electrons enter-
ing the SLAMS from both sides are only accelerated inside and
leave the SLAMS with a velocity equal to the starting value.
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Fig. 5. Distribution function of electrons at a fixed position within a
single SLAMS.

4. Discussion

As already mentioned in the introduction solar type Il radio are
regarded as the radio signature of supercritical, quasi-parallel
shock waves in the solar corona. In order to find out whether
the accelerated electrons described in the previous section are
able to generate radio waves via the excitation of Langmuir or
upper hybrid waves the distribution function of the accelerated
electrons must be examined.

As a necessary condition for the generation of a plasma
instability we need a distribution function f.(v) of suprather-
mal electrons with either df./ dv| > 0 (beam instability) or
Of./0vy > 0 (loss-cone instability) in a velocity interval
around the phase speed of the plasma waves under consider-
ation (e.g. Krall & Trivelpiece 1986).

Now, the electron distribution function obtained by the ac-
celeration process from Sect. 3 has the following properties (see
Fig. 5). We expect a distribution of electrons consisting of two
beam-like bumps superimposed on a Maxwellian background
distribution, which is assumed to be the undisturbed distribution
in the coronal plasma. The first peak (the left one with v < 0)
arises from electrons penetrating the SLAMS from the right
hand side (cf. Fig. 4). The second peak is due to accelerated
electrons which encounter the SLAMS from the left, i.e. elec-
trons approaching the SLAMS from both sides are accelerated
within it (see Eq. 8).

Eq. 8 shows furthermore that the position of the peak in
velocity space depends on the depth of penetration into the
SLAMS, i.e. the distribution function is of the form f.(v, «). In
order to get more information about this function we need a de-
tailed description of the noncoplanar magnetic field component
by, which is out of the scope of the present paper.

An estimation of the fraction of accelerated electrons in-
side the SLAMS can be achieved using two-fluid theory of the
plasma within the SLAMS region. In this description the ratio
v := (N, — N,)/N, is conversely proportional to the square
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of the length scale L of the examined structure (e.g. Krall &
Trivelpiece 1986)
voc AL /L2 )
with Ap = (kpT./m.)"/?Jwy. as Debye length of the plasma.
Under coronal conditions the Debye length is in the order of
1072 m, the typical length of a SLAMS about 300 m resulting
in a ratio v ~ 107°.

In order to satisfy the aforementioned necessary condition
for the generation of plasma instabilities the fraction v of ac-
celerated electrons must exceed the Maxwellian background.
In a Maxwellian plasma the number of particles in the velocity
interval [v), v +duv ] is (in units of the thermal particle velocity

Utherm = (kBT/me)l/z)

1
dNew) = Ne ) exp(—vj/2) dvy . (10)

V2

Demanding that the number of suprathermal electrons v N,
exceeds this Maxwellian part for example a thousand times we
find that the accelerated elctrons must have a velocity of about
7.3Vherm =~ 130V 4 (under coronal conditions). In this region
the Maxwellian distribution has a value of dN(v| = 7.3) =
10712]\76 dUH = 10731/]\/;j d’UH.

Thus, we can assume that the population of suprathermal
electrons with a distribution similar to Fig. 5 is able to pro-
duce an enhanced Langmuir turbulence inside the SLAMS. An
experimental evidence for this conclusion may be found in the
observation of an enhanced Langmuir turbulence at some quasi-
parallel shocks in the interplanetary medium reported by The-
jappa et al. (1995). Assuming the same scenario in the solar
corona we get the following picture for the production of solar
type II radio bursts. As already mentioned in Sect. 2 SLAMS
are not only characterized by a compression of the magnetic
field but are also accompanied by an enhancement of the plasma
density. The statistical analysis of SLAMS at Earth’s bow shock
yields a density compression of Neg, /Neo =2.3+0.8 (Nesr,
maximal electron number density inside the SLAMS and N,
background plasma density) (Mann et al. 1994). This means on
the other hand that the local plasma frequency varies inside the
SLAMS according to wp, o< N, /2, Assuming that supercriti-
cal, quasi-parallel shock waves in the solar corona consist of
SLAMS with a similar density compression, we get an instan-
taneous bandwidth in the order of

Affz\/N‘fSLmo.sz, (1n

N, e0
if we take the mean value of the measured density jump at
SLAMS. This instantaneous bandwidth is in good agreement
with the statistical analysis of the distribution of the bandwidth
of solar type Il radio bursts (we found (A f / f)so1 = 0.32£0.08,
see Mann et al. 1995) and with the instantaneous bandwidth of
interplanetary type Il bursts of (A f/ f)inc = 0.5+0.3 (Lengyel-
Frey & Stone 1989). Furthermore our analysis provides the pos-
sibility to understand the observed backbone fine structures.
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Taking the production of radio waves in more than one SLAMS
into consideration, solar type II bursts should be regarded as a
patchword of slowly drifting (according to a rising shock wave
in the corona) “clouds” of enhanced radio emission representing
the suprathermal populations of accelerated electrons inside sin-
gle SLAMS (cf. Fig. 1). Furthermore, these clouds should show
fast drifting fine structures, which are also visible in Fig. 1. In
order to obtain the typical time scales of the observed solar type
II radio bursts of several minutes we need a permanent process
of creation of ULF-waves, steepening into SLAMS and decay
of this structures (see e.g. Schwartz & Burgess 1991). This pro-
cess becomes necessary if we take the typical stable phases of
SLAMS into consideration. According to the computer simula-
tions of Scholer (1993) SLAMS appear and vanish upon a time
scale of about 100 times the inverse proton cyclotron frequency;
this means a time of about 0.01 s under coronal conditions. On
the other hand the time scale for accelerating electrons within a
single SLAMS is of the order of 2.5 - 1073 s.

Finally, it should be mentioned that the acceleration mecha-
nism presented here provides highly energetic electrons only in
a spatially limited region, leading to the finite bandwidth of the
backbone of the observed type II bursts. In order to explain the
suprathermal electron population generating the herringbones
structures we need either a noncoplanar magnetic field with
f;;l b, dz # 0 or another electron acceleration mechanism, e.g.
the mirror mechanism described in an earlier paper (Mann &
ClaBen 1995).

5. Summary and conclusions

In this paper we presented a mechanism for the acceleration of
electrons at substructures of supercritical, quasi-parallel shock
waves using test particle computations in given electric and
magnetic fields.

The behaviour of the magnetic field of this so-called SLAMS
has been extracted from in-situ magnetometer-measurements
at Earth’s bow shock. Instead of real measured field data we
took a mathematically modelled SLAMS reflecting the essential
behaviour of real existing SLAMS. The physical reason for this
approach is a description of SLAMS in form of simple MHD-
waves. The corresponding electric field was calculated from the
modelled magnetic field using the induction equation.

First, the test particle calculations were performed for an
explicit mathematical realization of a single SLAMS solving
the complete equation of motion with numerical methods. Here
we found an electron acceleration up to velocities in the order
of several hundred times the Alfvén velocity. Secondly, we used
an analytical approach using adiabatic theory, i.e., solving a re-
duced equation of motion for the particle’s guiding center and
neglecting the gyromotion. The results showed that the afore-
mentioned acceleration is caused by the noncoplanar magnetic
field component of the SLAMS. The energy gain of electrons
can be estimated by a simple numerical integration of the non-
coplanar magnetic field component.

We discussed the possibility for an indirect evidence of the
suprathermal electrons by means of remote sensing techniques.
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Under the assumption that SLAMS are basic ingredients of su-
percritical, quasi-parallel shock in the solar corona we showed
that the resulting nonthermal distribution functions are able to
produce plasma instabilities inside single SLAMS. Taking the
density compression of SLAMS into account the corresponding
variation of the electron plasma frequency allowed us to reduce
the patchy fine structures of the backbone of solar type II ra-
dio bursts to accelerated electrons in a patchwork of SLAMS at
supercritical, quasi-parallel shock waves.
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