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ABSTRACT 
Many of the properties of energetic electrons and ions accelerated by interplanetary shock waves 

can be understood in terms of the shock drift acceleration mechanism. In this paper we show that the 
shock drift acceleration of electrons can be responsible for solar type II radio bursts as well. We 
review the shock drift acceleration mechanism and show that the streaming distribution of reflected 
electrons produced upstream of the shock front by this mechanism can be unstable to the generation 
of electrostatic plasma waves, which in turn interact to produce the observed radio emission. We 
derive constraints upon the density and energy of suprathermal electrons required to produce a 
typical type II burst. 

The production of type II emission by shock drift accelerated electrons requires that the shock 
normal be at a high angle (^) to the upstream magnetic field. For a 1000 km s~1 shock in a 2X 106 

K corona, a value of ^ > 80° is required. Reflected electrons are not obtained, however, when \[/ is 
within a few degrees of 90°. We argue that these requirements are consistent with observations and 
show that a curved shock front propagating across magnetic field lines can naturally result in 
herringbone structure, herringbone structure without a backbone, or band splitting, the result 
depending upon the orientation and radius of curvature of the shock front and magnetic field lines 
and upon the energy of the accelerated electrons. We interpret the occurrence of band splitting and 
backboneless herringbone structure to the lack of reflected particles when x// is near 90°. The electrons 
responsible for each band originate from different regions of the shock front, and, therefore, the 
emission from each band is predicted to arise from a differential spatial location. Particles trans- 
mitted downstream of the shock may contribute to moving type IV radio emission. 

Subject headings: hydromagnetics — particle acceleration — shock waves — Sun: corona — 
Sun: radio radiation 

I. INTRODUCTION 

The frequency versus time plot of the radio flux 
(dynamic spectrum) of a typical solar type II radio burst 
is characterized by one or two parallel bands of emission 
which decrease in frequency with time (see Kundu 1965 
and McLean 1974 for reviews). When both bands are 
present, the frequency ratio between the bands is ap- 
proximately two, and they are understood to be radia- 
tion at the local electron plasma frequency, coe, and its 
second harmonic. The emission is apparently associated 
with a magnetohydrodynamic (MHD) shock wave prop- 
agating away from the site of a flare. The decrease in 
emission frequency with time results from the decreasing 
plasma density ( oc co^) as the shock propagates outward 
through the corona. 

^AS/NRC Resident Research Associate. 

The production of the radio emission requires the 
generation of an enhanced level of electrostatic plasma 
waves (with co « coj in the vicinity of the shock wave (cf. 
Melrose 1980). These waves can then interact with ion 
density fluctuations or ion sound waves to produce 
radio emission at the plasma frequency, and with each 
other to produce emission at the second harmonic. The 
growth of these waves is most likely induced by a 
population of suprathermal streaming electrons which is 
associated with the shock wave (see Klinkhamer and 
Kuijpers, 1981, however, for an alternative possibility). 
An understanding of how and precisely where these 
suprathermal electrons are produced has been elusive, 
however, because of an insufficient knowledge of MHD 
shock structure and our inability to obtain in situ mea- 
surements of coronal shock waves. On the other hand, 
suprathermal protons are directly observed to be accel- 
erated by interplanetary shock waves (see Pesses, Decker, 
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and Armstrong 1982 for a review and additional refer- 
ences). More recently, in situ observations of supra- 
thermal electrons accelerated by interplanetary shock 
waves have been obtained (Potter 1981). The purpose of 
this paper is to make use of these observations and 
related theoretical work to develop a model for the 
production of type II radio emission by coronal shock 
waves. 

The generation of type II emission by an MHD shock 
is a three-step process: (1) a distribution of streaming 
suprathermal electrons is produced in the vicinity of the 
shock wave; (2) this distribution stimulates the growth 
of electrostatic plasma waves; and (3) these waves then 
interact with the ambient plasma and themselves to 
produce the observed radio emission. Many of the prop- 
erties of the particles observed in interplanetary shocks 
can be understood as the shock drift acceleration of 
charged particles in the plane of an oblique, fast-mode 
MHD shock wave. In this paper we show that the shock 
drift acceleration of electrons can be responsible for 
type II radio bursts as well. In § II we review shock drift 
acceleration and the relevant observations of particle 
acceleration in interplanetary shock waves. In § III we 
determine the conditions which are required for the 
generation of plasma waves by the accelerated electrons. 
Estimates of the wave level and total energy in electrons 
that is required to produce the observed radio fluxes are 
obtained in the Appendix. Herringbone structure, band 
splitting, and other features of type II emission are 
discussed in § IV. 

II. SHOCK DRIFT ACCELERATION 

Drift acceleration occurs when a suprathermal charged 
particle is incident upon a nonparallel see 
Fig. 1), fast-mode MHD shock wave. As seen by an 
observer moving with a magnetosonic fast-mode shock, 
the upstream plasma enters the shock front at a speed 
greater than the fast-mode magnetosonic wave speed, 
while plasma leaves the shock front at a speed less than 
the fast-mode wave speed. The flow speed on either side 
of the shock exceeds the local Alfvén speed. When an 
energetic (kinetic energy > mean thermal energy; see 
Scott and Fesses 1982) charged particle is incident upon 
the shock, it will undergo a gradient B drift in the plane 
of the shock because of the increase in magnetic field 
strength across the shock front. As viewed in the rest 
frame of the shock front, there is a t>5 X 2? electric field 
in the plane of the shock, where vs is the shock velocity 
relative to the upstream plasma (cf. Fig. 1). This electric 
field in a fast-mode shock is parallel to the VB drift 
motion of a proton and antiparallel to that of an elec- 
tron and, hence, both particles are accelerated. The 
shock drift mechanism was first discussed for the case of 
oblique shock geometries by Sarris and van Allen (1974) 
and by Chen and Armstrong (1975). The shock drift 
mechanism is discussed in reviews by Armstrong et al. 

Shock 
Front 

Fig. 1.—The shock geometry as observed in the rest frame of 
the upstream plasma is shown. The speed of propagation of the 
shock front is vs, ^(i^) i§ the upstream (downstream) magnetic 
field strength, fi is the normal to the plane of the shock, and ü||(u¡f) 
is the component of a particle’s velocity parallel to the upstream 
magnetic field before (after) encountering and being reflected by 
the shock front. 

(1977), Toptyghin (1980), Axford (1981), Fesses, Decker, 
and Armstrong (1982), and Fesses (1982). 

The scale lengths involved in the drift acceleration of 
electrons and protons are quite different, because the 
suprathermal proton’s gyroradius is comparable to or 
larger than the shock thickness while the electron 
gyroradius is generally much smaller than the shock 
thickness. The proton effectively encounters a discon- 
tinuous change in the magnetic field at the shock front 
while the electron encounters a continuous variation in 
B. Since the electron’s magnetic moment is conserved 
while the proton’s is not, one would not necessarily 
expect an encounter with the shock to have the same 
effect upon an electron as upon an ion. Numerical 
studies have shown, however, that when averaged over 
gyrophase for an initially gyrotropic distribution of ions, 
the preshock and postshock values of the magnetic 
moment are approximately equal for both reflected and 
transmitted ions (Fesses 1979; see also Fesses 1981 for a 
theoretical interpretation of this result). Hence, the ef- 
fect of an encounter with the shock can be treated in the 
same manner for electrons as for ions. 

A concern for shock drift acceleration is that wave 
turbulence associated with the shock wave will scatter 
the nonthermal particles and, therefore, inhibit the 
acceleration process. The effect of such waves upon the 
shock drift mechanism has been studied by Armstrong 
et al (1977), who introduced random small-angle 
scattering into their numerical simulation of the particle 
trajectories. They found that the spectrum of energy 
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change of the particles in broadened, but the mean 
energy gain of the particles is not significantly affected. 

With the requirement that a particle’s (gyrophase 
averaged) pre- and post-encounter magnetic moments 
be equal, analytic expressions can be obtained for a 
particle’s post-shock-encounter speed and pitch angle 
(Pesses 1979; Toptyghin 1980; Pesses, Decker, and 
Armstrong 1982). These results are most easily obtained 
by transforming to a reference frame in which the vs X B 
electric field vanishes and, hence, the particle’s energy 
remains unchanged. The post-encounter speed and pitch 
angle are then obtained by transforming back to the rest 
frame of the upstream plasma. For a reflected particle 
(of primary interest here) the velocity component per- 
pendicular to the upstream magnetic field is unaffected 
(as is required for conservation of its magnetic moment), 
and its postencounter velocity is simply 

t?{=2üísec^-t>|| (1) 

where t>j| ( v1) is the particle’s velocity component in the 
rest frame of the upstream plasma parallel to the up- 
stream magnetic field before (after) the shock encounter 
and \p is the angle between the shock normal (ñ) and the 
upstream magnetic field (see Fig. 1). The parallel veloci- 
ties t>j| and t>j[ are taken to be positive when the particle 
is streaming away from the shock front (when observed 
in the frame of the upstream plasma). Equation (1) is 
valid for nonrelativistic velocities. We have assumed that 
vs is parallel to the shock normal. When this is not the 
case, vs should be replaced in equation (1) with vs* ñ. 
The energy gained by a particle is seen to increase with 
the shock speed (vs) and with the obliquity of the shock 
(\p). The energy gained by a particle is not unbounded 
as \¡/ goes to 90°, as indicated by equation (1), since 
particles are reflected only if 

sect<(B2/B1)
,/2(vyvs), (2) 

where BX{B2) is the upstream (downstream) magnetic 
field strength (Pesses 1979). The condition sec ^ < c/vs 

must also be satisfied for particles to be reflected. 
An important signature of shock drift acceleration is 

the pitch angle distribution of reflected and transmitted 
particles in front of and behind the shock front (Sarris 
and van Allen 1974). Since reflected particles gain en- 
ergy only in the component of their velocity parallel to 
the upstream magnetic field, an anisotropic, field-aligned 
flow of particles streaming away from the shock devel- 
ops. Particles transmitted downstream gain most of their 
energy in the perpendicular component of their velocity 
so that their (average) magnetic moment is conserved. 
Hence, their pitch angle distribution is anisotropic and 
peaked at a high pitch angle to the downstream mag- 
netic field. Such upstream and downstream distributions 

are commonly observed for protons accelerated by inter- 
planetary shock waves (Pesses, Decker, and Armstrong 
1982 and references therein) and have recently been 
observed for electrons as well (Potter 1981). 

It should be noted that in addition to shock drift 
acceleration, particles can also be shock accelerated by 
being “compressed” between magnetic field irregulari- 
ties upstream and downstream of the shock front (see 
Achterberg and Norman 1980 and references therein). 
This compression (Fermi acceleration) mechanism de- 
pends upon the particles being efficiently scattered in 
pitch angle both upstream and downstream of the shock. 
Since drift acceleration will occur with each encounter a 
particle makes with the shock front, particle acceleration 
will in general result from a combination of the shock 
drift and compression mechanisms. Particle energies will 
be further increased by multiple encounters with the 
shock front. As stated above, the energetic electron and 
ion distributions observed in the vicinity of interplane- 
tary shock waves are characteristic of the shock drift 
acceleration mechanism. Hence, in this paper we con- 
centrate upon determining how the simple shock drift 
acceleration of electrons can lead to type II radio emis- 
sion. 

As was stated above, the shock drift acceleration 
mechanism requires a population of particles which is 
already suprathermal. These particles may be produced 
by the associated flare (“first phase” acceleration), but 
they may also be picked up from the tail of the thermal 
coronal plasma. Scott and Pesses (1982) find that the 
shock drift acceleration mechanism will accelerate par- 
ticles from the thermal electron distribution, with a 
larger fraction of the thermal electrons being picked up 
in higher ß plasmas (ß = S7rnekBTe/B2). The accelera- 
tion of thermal electrons is not very efficient in the solar 
corona, since ß<0.\. Our estimate in the Appendix 
of the number of accelerated electrons required to pro- 
duce the observed type II emission indicates, however, 
that the acceleration need not be efficient. Our results 
and those of Scott and Pesses indicate that the accel- 
erated particles may be picked up directly from the tail 
of the thermal electron distribution. 

Thermal electrons may also be accelerated through 
the combined efforts of the shock drift and compression 
acceleration mechanisms. The direction of the upstream 
magnetic field (ip) is likely to fluctuate as the shock 
propagates through the corona. The parallel speed gained 
by a particle in an encounter with the shock from shock 
drift acceleration is ~ 2vs secip (eq. [1]), while the gain 
per encounter from Fermi acceleration alone is 
~ 2c>5cos*//. Hence, when the shock is quasi-parallel (*// 
~ 0°), the compression-Fermi acceleration mechanism 
(or the damping of downstream wave turbulence) can 
accelerate particles out of the thermal electron distribu- 
tion (cf. Eichler 1979). When the shock is quasi- 
perpendicular (\p ~ 90°), the particles will be efficiently 
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accelerated to higher energies by shock drift accelera- 
tion. 

III. TYPE II EMISSION 

We saw in the preceding section that shock drift 
acceleration results in an anisotropic, field-aligned flow 
of suprathermal electrons upstream of the shock front. 
Such a distribution is well known to be unstable to the 
emission of electrostatic plasma waves if the parallel 
velocity distribution (F) contains a region of positive 
slope (i.e., if 8F/8v\\ > 0; cf. Krall and Trivelpiece 1973). 
This region of positive slope must be well above the 
electron thermal speed so that Landau damping does 
not prevent the growth of waves, implying that in the 
~2xl06 K coronal plasma electron energies on the 
order of 200 eV or greater are needed. The initial 
electron velocity, vl, must also be suprathermal so that 
the electron is accelerated and not treated as part of the 
thermal distribution (see Scott and Fesses 1982 for 
further analysis of this point). Hence we must have both 
v' and u{>8X 108 cm s- V 

As is noted by Ramaty etal (1980), a sufficiently 
unstable distribution may result from the faster accel- 
erated electrons (higher v^) outrunning the slower par- 
ticles. The shock acceleration itself will produce the 
required region of positive slope, however, since only 
those electrons for which 

v{ > vs sec ÿ (3) 

can outrun the advancing shock front (equivalently, t>j| 
must be less than vssec\p if the particle is to interact 
with the shock; see Fig. 1 and eq. [1]). Suprathermal 
electrons for which 0 < t>j| < vs sec ^ are accelerated to 
parallel velocities in the range sec ^/ < U|| < 2^ sec xf/ 
(eq. [1]), with the lower velocity (üj|) particles gaining 
the most parallel energy. For a typical monotonically 
decreasing velocity distribution, an unstable distribution 
will result in the region v{¡>vs sec if/, below the velocity 
v{¡ = 2vs secif;. Taking the shock speed to be 1000 
km s_1 (2000 km s-1), this unstable region will be 
above the thermal electron distribution if the shock 
normal has an inclination of i// « 80° (70°) or greater to 
the upstream magnetic field. 

In § II we pointed out that particles are not reflected 
by the shock when xp is near 90° (eq. [2]). For B2/Bl = 3, 
vl = 109 cm s-1, and vs = 1000 km s“1 (2000 km s-1), 
we find from eq. (2) that electrons are not reflected 
when xp > 86?7 (83?4). Hence, for a 1000 km s-1 shock, 
the production of type II emission requires %0° <xp < 
87°. 

Note that the typical electron velocity which is 
required for the production of herringbone structure 
(discussed in § IV) is on the order of 1010 cm s_1. It can 
be seen from equations (1) and (2), however, that elec- 
trons of this velocity cannot be produced from a single 

encounter with the shock front unless t/ > 2 X 109 

cm s_1 ( — 2 keV). Therefore, if the initial electron 
velocity is not greater than a couple of keV, more than 
one encounter with the shock front is required to pro- 
duce the herringbone electrons. 

The intensity of the radio emission at the plasma 
frequency (coj and 2coe depends upon the subsequent 
evolution of the coupled plasma wave and streaming 
electron distributions (cf. Melrose 1980). The emission 
at coe can be produced by the interaction of the plasma 
waves with density fluctuations in the (upstream) coronal 
plasma. Emission at 2o)e requires the presence of plasma 
waves propagating in opposite directions along the am- 
bient magnetic field (the initially destabilized waves 
propagate in the same direction as the streaming elec- 
trons). The physical conditions encountered by up- 
stream type II electrons are essentially the same as those 
encountered by type III radio burst electrons, the only 
difference being that the type II electron velocities can 
be lower than that of the streaming electrons responsible 
for type III bursts ( ~ c/3). Since the question of how 
the electron and wave distributions evolve is still not 
settled and the physics is not fully developed, it is 
presently not possible to do a meaningful computation 
of the intensity of the type II emission. Using presently 
available theories for type III emission, however, it is 
possible to estimate the wave level required to produce 
the observed radio emission at 2ue and to obtain an 
estimate of the minimum suprathermal electron density 
required to produce this wave level. These results are 
obtained in the Appendix. 

IV. DISCUSSION 

In addition to the direct observations of streaming, 
suprathermal electrons upstream of interplanetary shock 
fronts, there are several Unes of evidence which indicate 
that type II emission is associated with shock-accel- 
erated electrons which are streaming away from the 
shock front through the upstream plasma. The produc- 
tion of fast streams of electrons immediately upstream 
of a shock which produces a type II event is clearly 
indicated by the observations of type III bursts emanat- 
ing from a type II backbone (Sheridan, Trent, and Wild 
1959). Observations also indicate that when a type II 
burst follows a type III burst through the same region of 
the corona, the emission at a given frequency (and 
harmonic) originates from the same height in the corona 
for both bursts (Bulk, Altschuler, and Smerd 1971). 
This suggests that the type II emission is produced in 
the upstream coronal plasma rather than in the denser 
downstream plasma. 

Since the type II bursts appear to follow the same 
open magnetic field Unes which are required for the type 
III events, Bulk et al interpret their results to imply that 
the type II shocks must be parallel or nearly parallel 
(i.e., xp - 0°). We note here, however, that it is also likely 
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that other field orientations are present in the vicinity of 
the open field lines. The spatial resolution of the radio 
maps is not sufficient to determine whether the type II 
emission is produced along the same field lines followed 
by the type III bursts or along nearby field lines with a 
different orientation. We also note that a planar shock 
front propagating obhquely across these field Unes, pro- 
ducing type II emission when it crosses this region 
(where > 80° for a 1000 km s-1 shock so that the 
required plasma waves are produced), will produce a 
type II burst which follows the path of the preceding 
type III events. Hence, while the results of Dulk et a/, do 
suggest that type II emission is generated in the up- 
stream plasma, we do not feel that they supply substan- 
tial support for low values of \p. 

An important feature of type II emission is the her- 
ringbone structure observed in approximately 20% of 
the type II events (cf. Kundu 1965). These structures are 
similar to type III bursts in that they indicate the 
presence of fast streams of electrons with velocities 
which are typically on the order of 1010 cm s-1. The 
particles are typically observed to propagate both up- 
ward and downward in the corona, to both lower and 
higher plasma densities. This feature can be understood 
to result from a curved shock front propagating across 
radial magnetic field lines, such as in a coronal streamer. 
Electrons accelerated and reflected by the shock are 
then free to stream both upward and downward through 
the corona, producing the herringbone structure (see 
Fig. 2 c). This interpretation is supported by the unusu- 
ally slow drift rate (in radio frequency) and large trans- 
verse motion of type II bursts containing herringbone 
structure (Weiss 1963; Stewart and Magun 1980). This 
type of picture is further supported by the recent ob- 
servations at kilometric wavelengths of type Ill-like 
bursts in association with meter wavelength type II 
bursts having herringbone structure (“SA events”; Cane 
eta/. 1981). 

Herringbone emission is sometimes observed without 
the type II backbone (Kundu 1965). In §§ II and III we 
saw that particles are not reflected if ^ is within a few 
degrees of 90°. Hence, if the curvature of the shock 
front is sufficiently gradual, there will be two well 
separated particle acceleration regions and a significant 
region of space (and, therefore, coronal densities) be- 
tween them over which reflected electrons are not pre- 
sent and plasma radiation is not produced (Fig. 2d). 
Under these conditions the type II backbone will not be 
observed. 

The lack of reflected particles at the highest values of 
x[/ may also be responsible for the band splitting which is 
sometimes observed in type II emission. Band sphtting 
rather than herringbone structure without a backbone 
would be observed because the electrons in the unstable 
part of the upstream distribution have lower velocities 
and/or the upstream magnetic field has a larger angle to 

a) Backbone only c) Backbone with herringbone 

b) Backbone with band d)Herringbone, no backbone 
splitting 

Fig. 2.—Examples of geometries in which band sphtting, her- 
ringbone structure, and herringbone structure without a backbone 
will result are shown. The coronal plasma density (ne) decreases 
from left to right in each figure. The curved line in each figure 
represents the shock front. The heavy arrows depict the regions 
where reflected electrons and plasma emission are produced. Note 
that, because of the influence of the coronal magnetic field, the 
density gradient may not always be radial as shown. 

the coronal density gradient (Fig. 2 b). (Band splitting 
could also result from a planar shock front moving 
nonradially across curved magnetic field lines, or a 
curved shock front with a spatially varying radius of 
curvature propagating across horizontal field lines.) The 
band sphtting would only be observed if the frequency 
bandwidth of the sphtting (as determined by the range 
of excluded coronal densities) is greater than the band- 
width of the emission at coe (or 2coe). A limiting case in 
which no band sphtting is produced is illustrated in 
Figure 2a. 

The explanation for band sphtting presented here is 
similar to an earlier explanation by McLean (1967) in 
that the two bands originate from spatially distinct 
regions of the shock front. The spatial separation which 
is required to produce the observed band sphtting can 
be estimated using a model for the coronal density 
distribution above an active region. Using Newkirk’s 
(1961) density model, for a typical sphtting of 18 MHz 
in the first harmonic emission at the 80 MHz level 
(Kundu 1965), a separation of approximately 0.1 R0 

( ~ 1'5) is required. The separation will be larger when 
the coronal magnetic field is not parallel to the density 
gradient, as in Figure 2 b. The observed separation is the 
projection of this distance onto the plane of the sky, 
however, and may therefore be smaller than the actual 
separation. Observations of spht-band emission at a 
sing/e frequency (the two bands are, therefore, seen at 
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different times) have in fact shown the emission from 
the two bands to originate from different locations. (See 
Smerd, Sheridan, and Stewart 1975 for references and 
further discussion of the observations. These authors 
interpret the two bands to arise from emission upstream 
and downstream of the shock front.) 

A model of type II bursts involving the generation of 
the plasma emission by electrons streaming through the 
upstream coronal plasma has previously been published 
by Smith (1972). In his model, electrons are heated by 
ion acoustic turbulence behind the shock front, and fast 
electrons from the Maxwellian tail escape to the up- 
stream region where they generate the required plasma 
waves. The angle between the shock normal and the 
upstream magnetic field must be within a few degrees of 
^ = 90° and the Alfvénic Mach number of the shock 
must be between approximately 2.0 and 2.9 for type II 
emission to be produced. On the other hand, for the 
shock drift acceleration model presented here, a less 
perpendicular shock is required, and electrons are not 
accelerated and reflected upstream when xp is near 90°. 
There is also no restriction on the Mach number of the 
shock wave. A defect in Smith’s model is that energy 
losses by the electrons as they traverse the electrostatic 
potential drop across the shock to the upstream region 
are not considered. Plasma turbulence such as that 
considered by Smith may, however, be a source of 

Vol. 267 

suprathermal seed particles for the shock drift mecha- 
nism. 

In closing, we note that electrons accelerated and 
transmitted downstream of the shock wave may in some 
cases be responsible for the moving type IV emission 
which is associated with some type II bursts. As was 
discussed in § II, the particles downstream of the shock 
have a pitch angle distribution which is peaked at a high 
angle to the downstream magnetic field. When accel- 
erated to energies on the order of 100 keV, these par- 
ticles will be a good source of gyrosynchrotron radio 
emission, particularly in the enhanced magnetic field 
downstream of the shock. These particles may therefore 
be responsible for the continuum radio emission which 
is characteristic of moving type IV bursts. 
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APPENDIX 

We use the weak turbulence theory results of Smith (1977) to estimate the energy density of plasma waves which is 
required to produce the second harmonic type II emission. In Smith’s (1977) theoretical model, backward moving 
plasma waves are produced by the induced scattering of the forward moving waves on thermal ion polarization clouds. 
He finds the volume emissivity at the second harmonic to be 

/(2"-)*7><10'V<MHz)î(ijir^) ergs cm-3 s-1 sr-1, (Al) 

where / is the observation frequency is megahertz (/ = coe/7r), Te is the coronal electron temperature, W is the energy 
density in plasma waves, ne is the thermal electron number density, and kB is Boltzmann’s constant. The volume 
emissivity is related to the observed radio flux, S, through the relation J = R1S(kf)/V, where R = 1 AU, A/is the 
bandwidth of the emission, and V is the emitting volume. The emitting volume is poorly known, since instrumental 
resolution is generally poor at metric wavelengths and refraction of the radio emission can give an apparent source size 
which is larger than the actual source size (cf. Kundu 1965). Observations at 80 MHz have yielded source sizes - 0.5 
Rq. Hence we take F < 3 X 1031 cm3. For a representative value of the radio flux we take *S = 10_18Wm_2Hz_1 at 80 
MHz and A/=20 MHz, giving /(2coe)> 2x10“13 ergs cm-3 s“1 sr-1. Finally, from equation (A 1) we obtain 
(JF/^kßT^) > 2X 10~7, or JF> 2X 10-9 ergs cm-3. 

Taking ^ to be the number density of the unstable, suprathermal electrons and vh their mean streaming speed, the 
energy density in the streaming particles is approximately (\/2)menbv2

b. How much of this energy goes into plasma 
waves depends, once again, upon the evolution of the coupled system of streaming electrons and plasma waves. If the 
system quasilinearly relaxes, the energy density in waves can build up to the level 

WQL ^[^m^bvKvk/v,)2 (A2) 
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(Vedenov and Ryutov 1976; this quantity can be larger than the energy density in electrons because the low group 
velocity of the plasma waves allows them to pile up along the electron beam). This is the maximum wave energy 
density that can be obtained. If propagation effects (Magelssen and Smith 1977) or the transfer of waves 
to nonresonant wave numbers prevent quasi-hnear relaxation, a higher particle density (or streaming velocity) 
will be required to produce a given level of wave turbulence. We can therefore estimate a lower limit on nb by setting 

(eq. [A2]) equal to the wave level derived above (JF>2XlO-9 ergs cm-3). With ü¿, = 8x108 cm s-1 and 
= 5.5X108 cm s-1 (T=2Xl06 K), we obtain nb>20 cm-3 {nb/ne>\^~6). A weaker (smaller) limit on nb is 

obtained for higher values of vb. 
We note that weak turbulence theory is not valid if the wave level generated by the streaming electrons exceeds 

WNL/nekBTe = (k,\D)2 * (ve/ub)
2, (A3) 

where kx is the wavenumber of the destabilized plasma waves and ÀD is the Debye wavelength (cf. Papadopoulos and 
Freund 1978). Under these circumstances the waves are expected to nonlinearly collapse to high (nonresonant) wave 
numbers. For T = 2X 106 K and vb = SX 10s cm s-1 (1010 cm s-1), W™L/nekBTe « 0.5 (3X 10-3). Our estimate of 
the wave level required to produce the second harmonic type II emission is much less than this and, therefore, 
nonlinear collapse is not indicated. Estimates of the required level of collapsed waves from Papadopoulos and Freund’s 
(1978) result for the volume emissivity from close-packed solitons also yield a wave level which is much less than WNL. 
If only a fraction of the observed source volume is filled with wave turbulence, however, so that a higher wave level is 
required, nonlinear collapse of the waves could be important. 

For the assumed emission volume of K<3Xl031 cm-3, the instantaneous number of required electrons is 
N - 6X 1032, and the total energy in the accelerated (vb « 8x 10s cm s-1) particles is E ~ 2x 1023 ergs. For a 20 
minute radio burst with vs = 1000 km s -1, these numbers increase to A ~ 1 X 1034 electrons and £ ~ 3 X 1024 ergs. For 
comparison, the total energy released in a typical flare which produces a type II event is on the order of 1030 ergs. 
Hence the energy in accelerated particles which is required to produce the type II emission is a small fraction of the 
total flare energy. 
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