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ABSTRACT 
The paper is devoted to the interpretation of spectrographic data within the frequency range 8-12 GHz. Some 

spectral characteristics of weak solar steplike radio bursts are reported. To explain some parameters of the 
emission the ability to keep superthermal electrons in a magnetic trap with dense inhomogeneous plasma is 
theoretically studied. On the basis of this model we estimate the energy and number of accelerated electrons, and 
the flux density of precipitating electrons which are the source of enhanced plasma radiation. For the obtained 
efficiency of electron acceleration the calculated intensity of gyrosynchrotron emission proves to be less than the 
observed one. 

Subject headings: acceleration of particles — radiation mechanisms: nonthermal — Sun: flares — 
Sun: radio radiation 

1. INTRODUCTION 

An efficiency of acceleration of superthermal particles in 
energy release region is often estimated on the basis of their 
radio emission. Quantitative estimation of emitting particles 
depends on proper choosing of the mechanism of generation 
for the emission. The minimal portion of superthermal parti
cles corresponds to the model of the most efficient generation. 

In order to interpret the microwave radio events, the gyro
synchrotron radiation model is usually used. We carry out the 
comparative analysis of efficiencies of generation in frames of 
gyrosynchrotron mechanism and plasma one for the case of 
one and the same radio emission. This study shows that 
plasma mechanism of emission (radio radiation by Langmuir 
wave turbulence) can be more efficient just at so high a fre
quency as / = 10 GHz. It leads to estimations of quantity and 
typical energy of accelerated electrons different from those in 
case of gyrosynchrotron interpretations. 

2. STEPLIKE BURSTS 

We analyzed our observations of weak radio bursts made 
using the sweeping spectrograph-polarimeter in 8-12 GHz fre
quency range (Panfilov & Tikhomirov 1981; Lebedev et al. 
1985). Weak bursts seem to be the signature of the single most 
efficient mechanism of generation, while for strong events the 
contributions of several emission processes are more probable. 

During the two months of observation in 1981 November 
and 1983 October the radio telescope RT-22 of Crimea Astro-
physical Observatory was used to receive records of 18 weak 
(the radio flux was less than 10 s.f.u.) broad-band events. Their 
time profiles are like a step having relatively sharp growth (typi
cal scale f — 3 s) and slow decay (t ~ 100 s) (Fig. 1). 

Steplike bursts observed have some interesting properties. 
There are two of all bursts where the impulsive narrow-band 
drifting components have been found during the first stage of 
emission. This kind of emission has the bandwidth A / ~ 2-4 
GHz, the life time 3-5 s, and the positive frequency drift ~ 2 
GHz s_1. The similar events named "blips" are often observed 

in decimeter wavelength range (Benz, Bernold, & Dennis 
1983) and more rare at our frequencies (Stahli & Benz 1987; 
Levin, Fridman, & Sheiner 1989; Benz, Magun, & Shu 1991). 

There is decay time frequency dependence for above men
tioned steplike bursts (Fig. 2). The bursts have the negative 
spectral index over the frequency range observed. The degree 
of burst circular polarization (p < 10%) is low compared to 
that for the narrow-band component (p ~ 20%). 

3. INTERPRETATION (OUTLINE OF THE MODEL) 

3.1. Narrow-Band (nb) Component 

Interpretation (Levin & Mel'nikov 1990, 1993) of the nb-
component is developed on the basis of a thermal front emis
sion model: Brown, Melrose, & Spicer (1979), Vlahos & Papa-
dopoulos (1979), Smith & Lillequist (1979). Common 
structure of the source of emission is schematically drawn in 
Figure 3. 

The model has the following two typical features (Levin & 
Mel'nikov 1990, 1993). 

The plasma turbulence region proves to be strongly pressed 
to the thermal front. Due to this reason, 

&f~f^, (1) 

where Ln = n0(dn0/dr)~l is the background plasma inhomo-
geneity scale and L± is the cross section scale of energy release 
region. Thus, one can observe narrow-band emission from 
sources for which Lx < L„L. 

Moreover, the plasma turbulence region moves slowly to
gether with the thermal front along the loop giving the fre
quency drift of emission 

jft ~ fL^V{r/2 , (2) 

where VfT is the velocity of thermal front movement. 
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FIG. 1.—Example of perspective imaging the steplike changes in the microwave (8-12 GHz) emission. These events are observed before the flash phase 
of the main flare (1981 November 14). Each check on the /-axis is one second. 
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FIG. 2.—Examples of the decay time dependencies on frequency of 

emission for steplike bursts. 

Using the observed bandwidth and frequency drift rate of 
the nb-component one can analyze the spatial structure of the 
source. For example, results of that analysis (Levin et al. 1989) 
are as follows: L„, ~ 3 X 108 cm, L± < 108 cm. 

3.2. Steplike Continuum (cont) Emission 

We shall provide the comparative study of two models of 
emission based on gyrosynchrotron and plasma mechanisms 
of generation. For both models the source of emission is su-
perthermal electrons trapped by a loop of coronal magnetic 
field. The emitting electrons are accelerated during the first 
(short, f, ~ 1-3 s) stage of an event. The decay time of emis
sion (t2 ~ 102 s) is defined by the lifetime of superthermal 
electrons. 

For the "gyrosynchrotron model" emission is yielded 
through the gyrosynchrotron radiation of the mildly relativis-
tic electrons. The source of emission is localized at "o"-region 
(top of the loop). Steplike (continuum) emission appears inde
pendently on the nb-component which is of plasma origin. 

In "plasma model" the plasma turbulence is the source of 
emission. Therefore the emission frequency is strongly con
nected with the source location ("/?"-region) (Fig. 3). The 
model explains the consecutive appearance of the narrow
band and then steplike sources in visible region. 

Mip 

Energy 

"p" -region is the 
plasma source lo
cation for the fre
quency band used. 

\ ' ' I 
/ I f ' lasma turbulence / / / 

/ /yielded by loss I I 
cone instability 

FIG. 3.—Schematic representation of the assumed source model in a 
coronal magnetic loop. 

3.3. Energy of Emitting Electrons 

The lifetime of the trapped electrons re is defined by energy 
losses due to the collisions with background plasma (Bai 
1982): 

<A£) _ ya+ 1 \6ire4 

E ~ y0 m2v4
s 

ShlnA 
Jo 

(s)ds. (3) 

Here y0 is Lorentz-factor, m is the mass, e is the charge and vs is 
the velocity of the electron, In A is the Coulomb logarithm, 5 is 
the coordinate along the loop axis, sm is the mirroring point 
coordinate of an electron, and Sb = revs/4sm is the number of 
bounce oscillations for an electron during its lifetime. 

Equation (3) takes the mean energy of the bulk of emitting 
electrons Es = mv2/2 trapped in a magnetic loop in accor
dance with their lifetime and hence with the decay time of 
emission observed: 

- i ya 
1 167r3/plnA 

yl nnvi 

X A 
L H ( l - ^ ) w z * l n ( l - ^ ) ' 

(4) 

where \i0 is the pitch angle cosine for electrons in the top of the 
loop. 

For gyrosynchrotron model it means that distribution of fast 
electrons has low-energy cutoff E < Es and falls down sharply 
toward the higher energies. The spectral low of the distribution 
is not of interest for crude estimation of intensity of radio emis
sion. 

For the plasma model another situation is realized. The 
source of emission is localized in strongly divergent magnetic 
loop with inhomogeneous background plasma. Since the radio 
emission is generated in a dense plasma region the energy of 
emitting particles has to be great enough for their possibility to 
penetrate through the dense plasma up to a corresponding 
level. Due to this reason there is the dependence Es = Es(f) for 
the plasma mechanism. 

Moreover, let us mention that for the plasma model case of 
direct connection between the local plasma frequency and fre
quency of emission, equation (4) indicates the possibility of 
frequency dependence of the steplike burst duration observed 
(Fig. 2). For such dependence to appear in so narrow a fre
quency range for gyrosynchrotron emission seems to be less 
probable. 

4. GYROSYNCHROTRON EMISSION 

We assume both components (narrow-band and steplike 
continuum) are generating in one and the same magnetic loop. 
The spectral index of the continuum emission shows that it 
can be optically thin equilibrium emission. To make estima
tions let us consider the two cases for the gyrofrequency-
plasma frequency ratio a = 1.5fH/fp in the source region: a = 3 
(a tenuous plasma) and a = 0.5 (a dense plasma). Gyro
synchrotron absorption coefficient iif'° and emissivity aw are 
estimated using calculations of Ramaty (1969) and Klein 
(1987). Free-free absorption coefficient is (Zheleznyakov 
1977) 

Mff : 
/ p"tfr 

pep -pPir 
(5) 
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TABLE 1 
PARAMETERS OF THE MODEL OF GYROSYNCHROTRON EMISSION 

Vol. 90 

Loop Model "p"-Region "o"-Region Source in Dense Plasma Source in Tenuous Plasma 

Model A: 
<r = 1 

T0 ~ 106 K 

Model B: 

cr = 10 
T0 ~ 106 K 

Model C: 

a = 30 
T0 ~ 106 K 

"/^"-region is localized 
at top of loop 

np~ 3 X 10" cm"3 

(/„ ~ 5 GHz) 
LL ~ 10* cm 
LH ~ 3 X 10* cm 

« p ~ 3 X 10" cm"3 

(fp ~ 5 GHz) 
L± ~ 10* cm 
L„n ~ 3 X 10* cm 

n„ ~ 3 X 10" cm"3 (fp ~ 5 GHz) 
Lx ~ 10* cm, L„ ~ 3X 10* cm 

-* K = L i X L ~ 3 X 1024 cm3 

T f ~ 1 0 2 s - » £ s ~ 10 MeV 

« „ ~ 3X 10'° cm- 3 

L± ~ 3X 10* cm, L„ ~ 10" cm 
- * F ~ 1 0 2 6 c m 3 

T, ~ 102 s -»• Es ~ 1 MeV 

K„ ~ 10'° cm"3 

L± ~ 6 X 10* cm, L„ ~ 2 X 109 cm 
— V~1X 1026cm3 

re ~ 102 s -* £ s ~ 0.5 MeV 

/ / ~ 3 X 103G 
Low-probable case 

H~ 103G 
«s ~ 5 X 102-5 X 103 cm- 3 

( V , ~ 5 X 102*-5 X 1029 

H ~ 600 G 
n5 ~ 2 X 102-2 X 103 cm"3 

Ns~ 1029-1030 

H ~ 600 G 
« s ~ 107-10*cm"3 

JV,= n / ~ 3 x 1031-3X 1032 

H ~ 200 G 
« s ~ 3 x 104-3X 105cm"3 

iVs ~ 3 X 103O-3 X 1031 

H ~ 100 G 
ns ~ 104-105cm"3 

Ns ~ 1 X 103O-7 X 1031 

Taking into account the Rayleigh-Jeans formula 

max {fj.fi, nf lit 
(6) 

we obtain the concentration of emitting electrons ns for the 
level of emission Sf = 1 -10 s.f.u. Here AQ is the source angular 
dimension. 

Thus, spatial scales near the bottom of the loop we estimate 
using a nb-component analysis. Then assuming the value of 
loop divergence parameter a we obtain the scales of the top of 
the loop. On the base of the formulae mentioned above we can 
crudely estimate the main parameters of the source of gyro-
synchrotron emission (Table 1). 

5. PLASMA TURBULENCE RADIO EMISSION 

5.1. Enhanced Plasma (Langmuir) Noise 

In the presence of superthermal electrons there are en
hanced fluctuations of Langmuir waves in background plasma 
(Perkins & Salpeter 1965; Tidman & Dupree 1965). For two-
Maxwellian (T0 and Ts) plasma the spectral density of Lang
muir waves in the equilibrium state can be estimated from the 
transfer equation (Levin 1982, 1987). 

For more dense populations of superthermal electrons their 
distribution can become unstable, for example, due to the loss 
cone. The marginal condition for loss-cone instability y ~ d, 
where the increment of instability (Melrose 1977,1980) is 7 ~ 
0.2irfpnJn0, plasma wave decrement is d ~ v^/2. 

Some results of estimations of the equilibrium plasma tur
bulence level Tpi and concentration of the superthermal elec
trons in the marginal condition for loss-cone instability are 
given in Figure 4. 

5.2. Conversion Processes to the Radio Radiation 

It is well-known that radio radiation from enhanced plasma 
turbulence is possible due to Rayleigh scattering of plasma 
waves (f~fp)', or/and due to coalescence of two plasma waves 
( / ~ 2fp); or/and due to coalescence of Langmuir waves and 
plasma waves of any low-frequency branches (f~fp) (Melrose 
1980). 

There is a strong collisional depression of plasma radio 
emission outside of source (escaping problem) 
exp {-T'„}Ss;ur (Melrose 1980), where T f f 

oobs 

optical depth of emission. For the second harmonic of local 
plasma frequency ( / ~ 2fp) using equation (5) one can ob
tain T'ff ~ 10"7L„; for the fundamental plasma emission 
( / ~ / > f f ~ 6 x l O - 6 L „ . 

Bearing in mind the estimations of Figure 4 and the proba
ble scales Ln ~ 107-109 cm we come to the following conclu
sions. First, the emission is possible on the second harmonic 
only in the direction of sharp fall down of background plasma 
concentration, i.e., transverse to the loop. In our case it is to be 
the limb emission. Second, the largest optical depth for coales
cence of the equilibrium plasma waves is estimated as being 
too small (~10~5) to explain the steplike emission observed. 
This is the reason to consider the coherent emission only 
(ns> 106). 

5.3. Fokker-Planck Equation for Electrons in 
Inhomogeneous Magnetic Trap 

The estimated concentration of emitting electrons corre
sponds to the source region ("p"-region). However, their life
time in the p -region is too small due to the high plasma density 
there. We can explain the observed burst duration in the con
text of the plasma mechanism of radiation assuming these 
electrons to be precipitated ones. 

According to MacDonald & Walt (1961), Krinberg (1978, 
p. 172), and Lu & Petrosyan (1988) the superthermal electron 
behavior in the magnetic loop is described by the following 
equation: 

dF c 1 d 

dt X0/33 noS^ dn0 

TpH0~6j f ( K ) 

Mo <Vo KP 
( « c > 

d£ 
(7) 

<oss-cone 
instability 

*)3 
W vf «o" ns(cm" ) 

J ixndl is the 
FIG. 4.—Estimation of the level of the equilibrium plasma noises 

against the density of population of superthermal electrons. 
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Here F = F( v, n0, t, s) is the electron distribution function, X = 
1024/ln A, 

S" = J ds n(s,n0), 

^„(Mo) = J dsnenU,»o)Hl H2(S), 

<«,> = y j dsne(s) fi(s,n0), p = v/c. 

For exponential inhomogeneous media with scales LH and 
L„f and for the stationary case / 4 102 s one can obtain the 
equation for ns(/i0) = J* Fv2dv: 

Mo^ dn0 Mo 

Mo dns(ti0) 

dix0 

3(ne)ns(n0) = 0, (8) 

with boundary condition ns(fi0) = ns(pp) ~ ns/2v. As the /re
value we will take the estimation of the previous subsection 
ns~ I06cm"3. 

This equation can be solved numerically for different LH/L„ 
ratios (Fig. 5). Now using the same way as for the gyro-
synchrotron model we can crudely calculate the number of 
accelerated electrons in the possible plasma model of the 
source of emission (Table 2). 

For a power-law energy spectrum of superthermal electrons 
with index 5 ~ 3.5-4 the density of mildly relativistic electrons 
(Es ~ 0.5 MeV) in this loop is on order ns ~ 103 cm"3, i.e., less 
than one needs in the gyrosynchrotron case. 

6. CONCLUSIONS 

The plasma mechanism of radiation can be considered as an 
alternative one for solar microwave radio emission at least up 
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FIG. 5.—Calculated angular part of the distribution function of 
trapped electrons «S(MO) = / Fv2dv in the top of the loop for different 
values LH/L„t. Here 1 - LH/L„f = 3; 2 - £ H / L n | <i 1; 3 - L H /^ n , = 2. 

to a frequency range of 10 GHz. In frames of this mechanism 
the weak steplike continuum can be radiated by Langmuir 
turbulence at the dense plasma. Plasma turbulence is gener
ated by a small precipitating portion of the superthermal elec
trons surviving during the long time in the top of the coronal 
magnetic loop. According the our estimations the flux density 
of precipitating particles of energy Es ~ 30 keV is Js ~ 1015 

TABLE 2 

PARAMETERS OF THE MODEL FOR RADIO RADIATION OF PLASMA TURBULENCE 

Loop Model "p"-Region "o"-Region Source of Emission 

lelD: 
LH ~ 2L„n 

<r = 30 
r0 ~ io6 K 

n„~ 3 X 10" cm"3 

(/„ ~ 5 GHz) 
L± ~ 108 cm 
L„„ ~ 3 X 10s cm 

na ~ 3 X 108 cm"3 

Lx ~ 5 X 108 cm, L„ ~ 2 X 109 cm 
* V ~ 5 X 1026cm3 

Te ~ 102 s -»• Es ~ 30 keV 

ns ~ 3 X 107 cm"3 

N~ 1034 electrons 
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