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Abstract. This paper presents the calculations of 
synchrotron radio emission intensity from Van Allen 
belts with Gaussian space distribution of electron densi-
ty across L-shells of a dipole magnetic field, and with 
Maxwell’s relativistic electron energy distribution. The 
results of these calculations come to a good agreement 
with measurements of the synchrotron emission intensi-
ty of the artificial radiation belt’s electrons during the 
Starfish nuclear test. We have obtained two-dimensional 
distributions of radio brightness in azimuth — zenith 
angle coordinates for an observer on Earth’s surface. 
The westside and eastside intensity maxima exceed sev-
eral times the maximum level of emission in the meridi-
an plane. We have also constructed two-dimensional 

distributions of the radio emission intensity in decibels 
related to the background galactic radio noise level. 
Isotropic fluxes of relativistic electrons (Е~1 MeV) 
should be more than 107 cm–2s–1 for the synchrotron 
emission intensity in the meridian plane to exceed the 
cosmic noise level by 0.1 dB (riometer sensitivity 
threshold). 
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INTRODUCTION 

The discovery of Earth’s radiation belts in 1958 
stimulated a series of studies aimed at calculating char-
acteristics of synchrotron radio emission of electrons 
trapped in a dipole magnetic field [Dyce, Nakada, 1959; 
Korchak, 1963; Vesecky, Peterson, 1967]. In 1962, a 
high-altitude nuclear explosion in near-Earth space car-
ried out during the Starfish nuclear test produced an 
artificial radiation belt (RB) consisting of high-energy 
electrons [Van Allen et al., 1963 ; Hess, 1963]. Synchro-
tron radio emission of these electrons [Ochs et al., 1963; 
Dyce, Horowitz, 1963; Peterson, Hower, 1963] was 
detected with special receivers – riometers [Little, Lein-
bach, 1958; Driatskii 1974], located at equatorial sta-
tions.  

Because of the complexity of the calculations, char-
acteristics of the RB synchrotron emission were com-
puted for simple special cases: a) emission detection 
with an antenna located at the equator and directed to 
the zenith [Dyce, Nakada, 1959; Peterson, Hower, 1963]; 
b) detection of emission from outside the magneto-
sphere from large distances, i.e. as from a radio-
astronomical object [Korchak 1963; Vesecky, Peterson, 
1967]. These calculations showed that in ordinary con-
ditions of the terrestrial RB, its synchrotron emission 
intensity is substantially lower than the background lev-
el of cosmic noise. At the same time, during strong 
magnetospheric disturbances, subauroral stations some-
times recorded a rather intense natural ionospheric–
magnetospheric radio noise in a frequency range 20–
200 MHz [Chivers, Wells, 1959; Egan, Peterson, 1960 ; 
Ellyett, 1969 ; Eriksen, Harang, 1969] morphologically 
similar to the synchrotron emission from the artificial 

RB. Presumably, in special extreme situations such as a 
nuclear explosion in the magnetosphere and during 
strong magnetospheric disturbances, the synchrotron 
emission of relativistic magnetospheric electrons can 
make a noticeable addition to the cosmic background 
level and be recorded with ground-based receivers over 
a wide frequency range. 

The practical possibility of detecting synchrotron 
emission from electrons of the natural RB is of interest 
from the point of view of diagnostics of the magneto-
sphere and study of electron acceleration in near-Earth 
space. Also of particular interest is the possibility of 
monitoring extreme conditions in satellite orbits because 
it is electrons of relativistic energies that create the main 
radiation background for on-board equipment (“killer 
electrons”) [Romanova et al., 2005; Potapov, 2017]. 
The purpose of this paper is to quantify the intensity of 
synchrotron emission from RB with a dipole magnetic 
field and Maxwell’s relativistic electron energy distribu-
tion, as well as to obtain a picture of spatial sky-
distribution of emission intensity for a terrestrial ob-
server, depending on the latitude of an observation sta-
tion and on RB configuration. 

 
SYNCHROTRON RADIO EMISSION 

OF THE ARTIFICIAL RADIATION BELT 
AND NATURAL HF/VHF RADIO EMISSION 
OF THE DISTURBED MAGNETOSPHERE 

On July 9, 1962 at 09:00:09 UT at an altitude of 400 
km over Johnston island in the Pacific Ocean (USA, 
ϕ≈16.7° N, λ≈169.5° W), an experimental nuclear ex-
plosion (1.4 Mt TNT equivalent) was carried out. It pro-
duced an artificial RB with maximum intensity 1.2–1.6 in 
L-shells (L is McIlwain’s parameter) [Van Allen et al., 
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1963; Hess, 1963]. Figure 1 shows a record of the syn-
chrotron radio emission of a cloud of relativistic elec-
trons formed during the nuclear explosion [Ochs et al., 
1963]. The receiver frequency is 50 MHz (riometer with 
144 m×288 m antenna array); the recording point is the 
Radio Astronomy Observatory in Jicamarca (Peru, 
ϕ≈11.95° S, λ≈76.87° W) located at the geomagnetic 
equator (geomagnetic latitude Φ0 ≈0.8°) and by ∆λ≈93° 
in longitude to the east of the explosion site. The first 
maximum of the radio emission intensity, recorded ap-
proximately 6 min after the explosion, corresponds to 
the first arrival of the electron cloud caused by the east 
(gradient) drift from the explosion site. The second, less 
intense, maximum 30 min after the explosion was 
caused by electrons that had made a complete revolution 
around Earth. In 1–2 hrs after the explosion, the electron 
cloud was evenly distributed along L-shells around 
Earth. Then, the emission level gradually decreased in 
proportion to the time factor (1+t/τ)–1 with a characteris-
tic time τ≈60 days [Ochs et al., 1963]. 

The noise temperature of a riometer antenna is calcu-
lated by the formula [Driatskii, 1974] kBT A=eIdRd/2 (kB is 
the Boltzmann constant, e is the electron charge, Rd is the 
noise diode load resistance, Id is the noise diode current). 
Given the antenna efficiency ηa=0.63 and Rd=52 Ohm 
[Ochs et al., 1963], the effective temperature of the noise 
recorded in Jicamarca  

2
eff d d B a d(K) / (2 η ) 4.8 10 (мА).T eR I k I= ≈ ⋅   

Then the background cosmic noise temperature be-
fore the explosion (see Figure 1) Teff≈5700 K (Id≈12 
mA). The excess of the noise temperature over the 
background at the first maximum corresponds to ∆Teff 
≈4.45·104 K (Id≈105 mA); at the second maximum, to 
∆Teff≈1.1·104 K (Id≈35 mA); and 3 hours after the ex-
plosion, to ∆Teff≈8.6·103 K (Id≈30 mA). 

Examples of characteristics of the natural radio 
emission driven by magnetospheric disturbances are 
given in [Chivers, Wells, 1959; Egan, Peterson, 1960; 
Ellyett, 1969; Eriksen, Harang, 1969]. In [Egan, Peter-
son, 1960], three receivers (27 MHz riometers), located 
approximately on one meridian at geomagnetic latitudes 
Φ0≈62°, 53°, and 43° (Canada, USA), during strong 
magnetospheric disturbances (Kp=8+) simultaneously 
recorded absorption of cosmic radio emission at a lati-
tude of 62°, caused by energetic electron precipitation 
(E >40 keV), and bursts of noise emission correlated 
with the absorption at a latitude of 43°. The characteris-
tic emission intensity was about 1–2 dB relative to the 
cosmic noise level. At an intermediate station at a lati-
tude of 53°, either the absorption or the emission was 
observed in different intervals. Figure 2 shows the iono-
spheric–magnetospheric radio noise recoded at the 
Christchurch Observatory (New Zealand, Φ0≈51° S) 
[Ellyett, 1969 ]. Two antennas, one of which was di-
rected to the zenith and the second to the south magnetic 
pole at an elevation angle of 11°, were alternately con-
nected to the receiver (43 MHz) at an interval of 4 min. 
Radio noise from a high latitude region occurred simul-
taneously with the substorm in auroras and lasted for 
several hours. In the zenith direction there were no ion-
ospheric disturbances and emission at that time. Then, 
with an increase in magnetospheric disturbance level 
and expansion of the zone of precipitation of energetic 
magnetospheric electrons in the equatorial direction, 
disturbances in the upper atmosphere at 06 LT reached 
the Christchurch latitude. At that time, cosmic noise 
absorption was recorded in both directions (southern 
and zenith). It was induced by precipitation of electrons 
with energies E>40 keV from the magnetosphere to the 
upper atmosphere. 

 

 
Figure 1. Synchrotron radio emission of the artificial RB at a frequency of 50 MHz in Jicamarca (Peru) on July 9, 1962 

[Ochs et al., 1963] (right-to-left time reading). 
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Figure 2. Radio noise recorded in Christchurch (New Zealand) on March 10, 1961 at a frequency of 43 MHz [Ellyett, 1969 ] 

with an antenna directed to the south (top) and to the zenith. The dashed curve is the background level of galactic noise (right-to-
left time reading) 
 
Referring to Figure 2, the intensity of the radio noise 
from the high-latitude ionosphere was 20–30 % (about 1 
dB) from the cosmic emission level or ∆Teff~2000–3000 
K at the background cosmic noise temperature 
TN ≈10000 K (at 43 MHz). 

In [Chivers, Wells, 1959], the radio emission was 
recorded at the Jodrell Bank Observatory (UK, Φ0≈51°) 
at a frequency of 80 MHz with four antennas from four 
different directions: from the zenith, ±60° from the zen-
ith in the plane of the geomagnetic meridian, and in the 
direction of the powerful radio source in Cassiopeia. 
During very strong magnetospheric disturbances, emis-
sion (about 1–2.5 dB above the cosmic noise level) from 
one direction and cosmic noise absorption from the oth-
er were simultaneously recorded. Eriksen, Harang 
[1969] described a case of radio noise recorded at 225 
MHz (about 1.5–2 dB above the cosmic noise level) 
from the auroral ionosphere during a strong magnetospher-
ic substorm at the end of a polar cap absorption event.  

The cumulative evidence allows us to draw the fol-
lowing conclusions: 1) the natural magnetospheric HF 
radio emission occurs during very strong disturbances 
and concurs with precipitation of energetic electrons 
from the magnetosphere; 2) the radio emission intensity 
is non-uniformly distributed over the sky; 3) the fre-
quency dependence of magnetospheric radio emission 
intensity in the range 27–225 MHz is similar to the ga-
lactic noise spectrum because it is ~1–2 dB above its 
level at all usable frequencies. It is known that in the 
frequency range 20–200 MHz the background cosmic 
radio noise is generated by synchrotron emission of 
relativistic electrons in galactic magnetic fields. Strictly 
speaking, there is no direct evidence that the natural 
magnetospheric HF radio emission is precisely the syn-
chrotron emission of magnetospheric relativistic elec-

trons. However, taking into account the similarity of the 
frequency dependence of the ionospheric–magneto-
spheric radio noise to the spectrum of synchrotron ga-
lactic radio emission and the morphological similarity to 
the synchrotron emission of the artificial RB (Figures 1 
and 2), we can assume that the described cases of natu-
ral ionospheric–magnetospheric HF radio emission are 
most likely to be the synchrotron radio emission of rela-
tivistic electrons whose fluxes in the magnetosphere 
increase substantially during strong disturbances. 

 
CALCULATION OF INTENSITY  
OF SYNCHROTRON EMISSION 
FROM RELATIVISTIC ELECTRONS  
IN THE GEOMAGNETIC FIELD 

Ochs et al. [1963] have shown that in the decameter 
range (30–50 MHz) a low degree of polarization of the 
synchrotron emission from the artificial RB could be 
observed only at the equator in the near-zenith region, 
where the line of sight was orthogonal to the magnetic 
field and conditions of quasi-transverse (relative to the 
magnetic field) propagation held for radio waves. Even 
at small deviations from the orthogonality (more than 
±0.2°), quasi-transverse propagation conditions were 
violated and for a terrestrial observer the polarization 
became fairly chaotic due to the Faraday effect. There-
fore, in practice with good approximation it suffices to 
calculate the total intensity of synchrotron emission 
without separation into polarized components. To calcu-
late synchrotron emission characteristics, we use known 
expressions for spectral intensity In (erg⋅cm–2·sr–1) and 
brightness temperature Teff (K) [Ginsburg, Syrovatsky, 
1965; Pakholchik, 1973]: 
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ν
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where e, m are the electron charge and mass, c is the 
velocity of light, r is the coordinate along the line of 
sight with the origin at an observing station, ( , ε, α)N R



 
is the density of electrons in configuration space of en-
ergy, pitch angles and coordinates in the system with the 
origin at the center of Earth; the coordinates r and R



 are 
connected by transformation formulas for transitions 
between the coordinate systems adopted (please find 
below), 

2 2 2 2ε / 1 / γmc v c mc= − =  is the total electron energy, 

5/3( ) (ξ) ξ
x

F x x K d
∞

= ∫  is the universal function of the syn-

chrotron radiation theory, often used in tabulated form 
[Pakholchik, 1973], K5/3(x) is the McDonald function of 
the order of 5/3; H=H(r) is the value of the magnetic field 
at a radiation source point; µ=µ(r) is the angle between 
magnetic field and emission directions, n is the frequency, 
nc=n c(r, ε) is the characteristic frequency: 

2

c 2

3 sin μ ε
4π

eH
mc mc

n  =  
 

.  

In astrophysical applications, the energy distribution 
of electrons is assumed to be power-series, and it is tak-
en that ε>>mc2(γ>>1). Therefore, without great error 
integral (1) is computed within 0 ≤ε≤∞ in closed form 
[Ginzburg, Syrovatsky, 1965; Pakholchik, 1973]. In 
Earth’s radiation belts, the exponential distribution f 
(E)~exp(–E/E0) is valid for energetic electrons, where 
E0 is the kinetic energy measured by detectors, which is 
of the order of several tens or hundreds of kiloelectron-
volts, whereas the total energy of electrons ε slightly 
exceeds their rest energy. Therefore, energy integration 
in (1) should be performed from mc2 to ∞(1≤ γ ≤ ∞ ). An 
approximation for the exponential distribution is Max-
well’s distribution whose relativistic form is 

γ
2τ

2

( , )(γ, ,α) γ γ γ 1 γ
τ (1/ τ)
N RN R d d e d d
K

α −
Ω = − Ω

d

d

, (2) 

where γ=ε/(mc2) τ=kBTe/(mc2), Te is the electron temper-
ature, K2(x) is the second-order McDonald function, dΩ 
is the element of solid angle. Calculations of intensity 
(1) with distribution (2) in the ultrarelativistic approxi-
mation (γ>>1) are presented in [Pakholchik, 1973]; a 
weakly relativistic case (γ –1<1, γ3<<q, q is the harmon-
ic number in the spectrum) under the simplifying condi-
tion µ=π/2 was examined in [Trubnikov, 1958]. 

We believe as in [Korchak, 1963 ] that the relativ-
istic electron density in the magnetosphere has a Gauss-
ian distribution in the equatorial plane in the radial di-
rection and a pitch angle distribution ~sinnα. Then, the 
change in the electron density in a magnetic field tube 
with L will take the form 

2

2
m( ,α) exp ( )sin α

n
nm

e
L L

N R N h k n
L

− − = −  ∆   



, (3) 

where Nm is the maximum electron density in the equa-
torial plane, he is the ratio of the field at a radiation 
source point (along the line of sight) to the field value 
along the same field line in the equatorial plane (he des-
ignates the coordinate along the magnetic field line for a 
given transverse coordinate L). The parameters L and he 
are functions of the coordinate r along the line of sight: 
L=L(r), he=he(r). The constant k(n) is defined by the 
normalization condition for the pitch angle distribution 

π
1

0

2π ( )sin α α 1nk n d+ =∫ ,   

1
1 3 2( )

2 22π π
n nk n

−
+  +    = Γ Γ        

,  

, 
where Г(x) is the gamma function.   

These relations yield an expression for calculating 
the emission brightness temperature 

2

eff M M
2
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τ (1/ τ)3

n

B e

e c k nT drN r I x
Kk hn

 
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where the integration is performed along the line of 
sight and the following notations are introduced: 

M M/x νν = ,  
2

M / γ 3 sin μ / (4π )c eH mcn n= = ,   

2 M
M M 2

M 1

1 γ(τ, ) γ γ 1exp γ
τ γ

xI x F d
x

∞   = − −   
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∫ .  

In (4), we use the condition that at high harmonics of 
the gyrofrequency (q=n/n He>>1, nНе is the electron gy-
rofrequency), the relativistic electron emission is con-
centrated in a narrow solid angle along the direction of 
the electron velocity, therefore we can approximately 
set sinα≈sinµ. In calculations, the function IM(τ, xM), as 
well as F(x), is convenient to use in tabulated form (see 
Table 1). 

For sufficiently large xM(>103), we can use the as-
ymptotic approximation of IM(xM,τ): 

( ) ( )
2

M
2 3 2πτ 1 exp ξ πτ exp ξ
3 2τξ 3

I
 

≈ − − ≈ − 
 

,   

where ( )( )1/3
Mξ 3 / 2τ 2 τ 1x= >> .   

To calibrate the calculation method adopted here, we 
can use simultaneous measurements of synchrotron ra-
dio emission intensity [Ochs et al., 1963; Dyce, Horo-
witz, 1963; Peterson, Hower, 1963) and characteristics 
of relativistic electron fluxes of the artificial RB during 
the space nuclear test [Van Allen et al., 1963; Hess, 
1963; Peterson, Hower, 1963]. For equatorial stations, 
emission brightness temperature (4) in the zenith 
(µ=π/2, he=1)  
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where we approximately estimate integral (4) with 
Gaussian function (3) for ∆L<<Lm, xM

*=(2 n/(3n0))Lm
3 – 

the value of xM computed at the maximum electron flux 
with L=Lm, n0=0.87 MHz is the electron gyrofrequency 
near Earth’s surface at the equator (L=1). 

From satellite measurements of electron fluxes in the 
magnetosphere in July–October 1962 [Van Allen et al., 
1963; Hess, 1963] it follows that most electrons of the 
artificial RB filled the shells L≈1.2÷2 with maximum 
electron fluxes at Lm ≈1.23÷1.6. In the first 1–2 hours 
after the explosion, rapid changes occurred in the con-
figuration of the electron cloud on Lm≈ 1.23 with ∆ L≈ 
0.13 [Van Allen et al., 1963 ] (Figure 1), followed by 
slow changes in Lm, ∆L, Nm, and radio emission intensi-
ty. The most reliable data on electron fluxes were ob-
tained a few days after the explosion. Let us take the 
flux value three weeks after the explosion as a reference 
level J2≈8⋅108cm–2s–1 [Peterson, Hower, 1963]. Using 
the time factor (1+t2/τ)–1 [Ochs et al., 1963 ], where 
τ≈60 days and t2=21 days, we obtain an estimate of the 
electron flux for the day of the explosion on July 9, 1962, 
after the uniform distribution of electrons over drift shells: 
J≈1.35J2≈1.1⋅109 cm–2s–1. Since immediately after the ex-
plosion the drift velocity of the electron cloud dλ/dt~15° 
min–1 and the duration of the first burst of radio emission 
(Figure 1) at a level of 50 % from maximum ∆t0.5≈6 min, 
the longitude size of the cloud at that instant ∆ λ0.5≈ 90°. 
After the uniform distribution of the cloud along the drift 
shells, its size became ∆λ≈ 360°, and the flux density cor-
respondingly fell no less than four times. Hence, the elec-
tron flux intensity during the first burst was at least four 
times higher and can be estimated as J1≈4.4⋅109cm–2s–1. 
Further we assume that the electron flux density Jm=cNm, 
where c is the velocity of light. 

From the degree of decrease in the synchrotron radio 
emission intensity measured at stations at different dis-

tances from the equator [Dyce, Horowitz, 1963], we can 
estimate the degree of electron anisotropy for N∝sin nα 
as n≈5÷6. The equilibrium energy spectrum of electrons 
during fission of U235 in the interval 1 MeV<E<7 MeV 
(E is the kinetic energy) has the form

2/ ~ exp( 0.575 0.055 )dn dE E E− −  [Van Allen et al., 
1963 ] and is not Maxwellian. Distribution (2) is best 
approximated to the U235 fission spectrum at τ≈1.4÷1.5 
(Te=715÷750 keV). 

Table 2 lists synchrotron radio emission tempera-
tures observed in 1962 [Ochs et al., 1963; Peterson and 
Hower, 1963] and calculated with (5) (∆T obs and ∆ Tcalc) 
at 50 MHz for several instants after the explosion. Giv-
en the roughness of the estimates assuming an accuracy 
up to a coefficient, we can note good agreement be-
tween ∆Tcalc and observations. Figure 3 shows the fre-
quency dependence of brightness temperatures, which 
also demonstrates agreement between calculated ∆Teff 
and those observed in 1962 

 
SKY-DISTRIBUTION OF INTENSITY 
OF SYNCHROTRON RADIO  
EMISSION FROM MAGNETO-
SPHERIC RELATIVISTIC  
ELECTRONS  

For an observation point located at an arbitrary lati-
tude, when calculating integral (4) along a direction, the 
line-of-sight path is set in a coordinate system with the 
origin at an observation point on Earth’s surface and Z-
axis directed to the zenith, whereas the dipole magnetic 
field vector and its components, as well as the electron 
density are ( ),N R



 calculated in a coordinate system 
with the origin at the center of Earth and Z-axis directed 
to the celestial pole. Coordinates of an emitting volume 
element must be determined in both the coordinate sys-
tems. When calculating from (1)–(4), we use standard 
transformation formulas for the transition between the 
coordinate systems, as well as dipole magnetic field 
formulas. 

 

Table 1 
Values of IM(xM,τ) for different xM and τ 

xM 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 

τ=1 1.286 0.667 0.234 0.089 0.027 3.8⋅10–3 5.8⋅10–4 5.5⋅10–5 9.9⋅10–7 1.9⋅10–8 1.4⋅10–10 2.6⋅10–14 5.6⋅10–18 
τ=2 9.601 5.462 2.370 1.145 0.494 0.128 0.036 7.8⋅10–3 5.8⋅10–4 4.7⋅10–5 2.0⋅10–6 8.8⋅10–9 4.2⋅10–11 
τ=3 27.852 16.402 7.686 4.061 1.984 0.650 0.234 0.069 9.0⋅10–3 1.3⋅10–3 1.1⋅10–4 1.7⋅10–6 2.9⋅10–8 
τ=4 57.618 34.530 16.827 9.311 4.852 1.798 0.739 0.258 0.046 8.9⋅10–3 1.2⋅10–3 3.7⋅10–5 1.2⋅10–6 

 

Table 2 
Experimental ∆Tobs [Ochs et al., 1963; Peterson, Hower, 1963] and calculated ∆Tcalc  

brightness temperatures of synchrotron radio emission at 50 MHz 
time relative to the explosion (t=0) I, mA Tobs, K ∆Tobs, K Lm ∆L τ J, cm–2s–1 ∆Tcalc, K 

t= – 1  m i n  ( b a c k g r o u n d )  12 5742 – – – – – – 
t = + 6  m i n  105 5.0⋅104 4.45⋅104 1.23 0.13 1.5 4.40⋅109 3.60⋅104 

t = + 3  h r  30 1.4⋅104 0.86⋅104 – – 1.5 1.10⋅109 – 
t = + 3  w e e k s   – – 0.32⋅104 1.55 0.35 1.5 0.80⋅109 0.33⋅104 
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Figure 3. Brightness temperatures of radio emission from the artificial RB, measured at equatorial stations at the zenith in 

1962: crosses mark temperatures 3 weeks after the explosion at frequencies of 18, 30, 50, and 100 MHz [Peterson, Hower, 1963], 
squares indicate radio emission temperatures at a frequency of 50 MHz, measured in 6 min (a) and 3 hrs (b) after the explosion 
(see Figure 1). Dotted lines show calculated curves at τ=1.5 and n=5 for two configurations of the artificial RB: Jm=4.4⋅109cm–2s–

1, Lm=1.23, ∆L=0.13 (configuration 1); Jm=0.8⋅109cm–2s–1, Lm=1.55, ∆L=0.35 (configuration 2) 
 
Figure 4 illustrates variations in brightness tempera-

ture of synchrotron emission in the zenith and in the 
direction of the celestial pole when the geomagnetic 
(dipole) latitude of an observation point Ф0 changes. 
This Figure also shows the impact of electron flux ani-
sotropy on brightness temperature. It can be seen that 
beyond the equatorial region (Φ0>40°) the synchro-
tron radio emission can actually be observed only with 
isotropic electron fluxes. From Figure 4 it also follows 
that for both the directions in an isotropic electron flux 
(n =0) when the electron density along the flux tube is 
constant, the maximum brightness temperature is shifted 
to the equator relative to the center of the RB base 
Lm=1/cos 2Φm by approximately half-width of RB: 

1(2 1)m mL L L −∆Φ ≈ ∆ − . On Earth’s surface at ∆L=0.5, 
this corresponds to ∆Φ≈1.4°÷3.4° (160–375 km) when 
Lm varies from 5 to 3. When RB moves to smaller L-

shells with other characteristics (∆L, τ, n, Jm) being con-
stant, the intensity in the emission maximum increases 
due to an increase in the angle between emission direc-
tion and magnetic field vector. 

Figure 5 shows two-dimensional sky-distributions 
synchrotron radio emission intensity for three RB con-
figurations, approximately 10–100 times less intense 
than the artificial RB in July 1962. The distributions 
exhibit two bright regions that are symmetric with re-
spect to the meridian. Their formation is due to the joint 
action of two factors: a) more favorable aspect angles 
between magnetic field vector and emission direction; 
b) greater optical thickness of the region from which 
emission is recorded. Emission in these directions is 
several times more intense than in the plane of the celes-
tial meridian, toward which riometer antennas are usual-
ly pointed. 

 

  
Figure 4. Brightness temperature of emission at a frequency of 30 MHz at the zenith (a) and toward the celestial pole (b) ver-

sus a geomagnetic latitude of an observer Φ0 for different RB positions (Jm=3⋅10 7 cm–2s–1, τ=2, ∆L=0.5); the solid line is the 
isotropic distribution over pitch angles (n=0), the dashed line is the anisotropic distribution (n=1) 

a b 
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Figure 5. Sky-distribution of brightness temperature Teff (K) at n=30 MHz for an observer at Φ0=60° (L=4) with RB charac-

teristics: Lm=3.5, τ=1.5 (Te=750 keV), Jm=5⋅107 cm–2s –1 (a); Lm=4.0, τ=1.0 (500 keV), Jm=1⋅108 cm–2s –1 (b); Lm=4.5, τ=0.5 (250 
keV), Jm=3⋅ 108cm–2s–1 (c); in all cases, n=0, ∆L=0.5. In the center of the images is the zenith, the circle is the horizon 

 
The intensity of emission (or absorption) detected with 

riometers are usually measured in decibels relative to the 
undisturbed cosmic noise level TN. Given radio wave ab-
sorption in the lower ionosphere, the relative radio noise 
level is  
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where τ' is the optical thickness of the D region, Г=4.34 
τ' is the corresponding radio wave absorption in the D 
region in decibels, TN is the brightness temperature of 
the background cosmic radio noise, Teff is the tempera-
ture of the radio noise generated in the magnetosphere 
or in the ionosphere above the D region. The latter ap-
proximation in (6) refers to a practically significant case 
Teff<<TN. Assuming that for riometers the root-mean-
square error of the measurement method is ∆Srms=0.1 dB 
[Little, Leinbach, 1958; Driatskii 1974], and the cosmic 
noise temperature outside the galactic plane at a fre-
quency of 30 MHz TN≈ 20000 K [Allen, 1977], we have 
a minimum change in the emission temperature 
∆Tmin=460 K, which in the absence of absorption (Г=0) 
can be detected with a riometer at 30 MHz. 

To get a picture of spatial distribution of relative 
synchrotron emission intensity S(dB), we should specify 
the sky-distribution of cosmic noise intensity TN(χ, A), χ 
is the zenith angle, A is the azimuth. The distribution of 
TN(χ, A) depends on geographic coordinates of observa-
tion point and on sidereal time. To obtain this distribu-
tion, a map of isolines of brightness temperature of 
cosmic radio emission at 200 MHz in the galactic coor-
dinate system is used [Kraus, 1973]: TN(b, l)=const, b, l 
are the galactic latitude and longitude. Then, this map 
through formulas for transforming coordinates from the 
galactic system to the equatorial one [Astronomical 
Calendar, 1981] is transformed into a map of isolines 
TN(α, δ)=const, where α is the right ascension, δ is the 
declination. Then, for the given geographic coordinates 
of the observation point and sidereal time at the moment 
of observations, formulas for transforming equatorial 
coordinates into horizontal ones [Astronomical Calen-

dar, 1981 ] are used to calculate isolines of TN(χ, 
A)=const at 200 MHz. Using the frequency dependence 
of the galactic radio emission intensity in the form of 
In~(1/n)a, where in the frequency range 30–200 MHz 
the power exponent is approximately equal to 
a ≈0.4÷0.5 [Yetes, Wielebinski, 1967], we obtain the 
distribution of brightness temperature of cosmic noise at 
n in the form of Tn(χ, A)=[200/n (MHz)] 2.5T200(χ, A).  

Figure 6, a shows the distribution of brightness tem-
perature of cosmic noise at 50 MHz in the sky over 
Jicamarca in July 1962. In panel b, the picture of cosmic 
radiation is supplemented with synchrotron emission 
from the artificial RB; panel c shows the synchrotron 
emission intensity in decibels against the background 
emission. It is noteworthy that six minutes after a nucle-
ar explosion, the galactic radio emission is almost com-
pletely masked by emission from the artificial RB (Fig-
ure 6, b, upper panel). If Earth had such RBs constantly, 
the history of terrestrial radio astronomy would be dif-
ferent from that we have now. On the other hand, simple 
estimates show that for an off-Earth observer even such 
a strong environmental impact as a 1.4 Mt nuclear ex-
plosion in the magnetosphere and the formation of an 
artificial RB can be detected from its synchrotron emis-
sion (n=50 MHz) only at astronomically short distances: 
r(AU)<2.6⋅10–5D(m), where r (AU) is the distance in 
astronomical units, 1 AU=150 millions of km, D is the 
antenna size in meters. For example, the corresponding 
technological activity on Earth can be detected with a 
VHF antenna 100 m in diameter no further than from 
the lunar orbit (2.56⋅10–3 AU). 

 
FREQUENCY DEPENDENCE 
OF SYNCHROTRON RADIO EMIS-

SION INTENSITY (dB) 
According to (6), the frequency dependence of S 

(dB) for Teff<<TN and Г=0 is S (dB)~Teff(n)/TN(n). To 
construct frequency characteristics of S(dB) presented in 
Figure 7, we use the spectral dependence of the back-
ground cosmic noise: TN(n)=2⋅104(30/n)2.5, where TN is 
in K, n is in MHz [Allen, 1977; Yetes, Wielebinski, 
1967]. With increasing electron energy, the relative 
contribution of high harmonics to the total energy of its 
synchrotron emission increases. Against a decrease in 

b c a 



V.V. Klimenko  

39 

TN(n) at high frequencies, this leads to the formation of 
maximum Smax (dB) at nmax. With increasing characteris-
tic electron energy, Smax increases and the position of the 
maximum shifts to higher frequencies approximately 
according to the law nmax~τ2~Te

2. Figure 7 shows that at 
Te=1 MeV, the maximum S (dB) is about 50–60 MHz, 
and at Te=2 MeV, it is about 200–250 MHz. We can 
assume that the radio emission events recorded during 
magnetospheric disturbances at 80 MHz [Chivers, 
Wells, 1959] and 225 MHz [Eriksen, Harang, 1969] are 
attributed to the synchrotron emission of electrons with 
such high characteristic energies. If an observation point 
is located close to the RB base, we should take into ac-
count radio wave absorption in the D region, caused by 
atmosphere ionization by precipitating energetic elec-
trons. The amount of absorption is inversely proportion-
al to the square of frequency: Г(n)~n–2 [Driatskii, 1974]. 
In the frequency range, where Г(n)≥4.34Teff(n)/TN(n), 
the synchrotron radio emission of magnetospheric elec-
trons is undetectable. In Figure 7, dashed curves indi-
cate the frequency dependence of S (dB) at Г(30 
MHz)=0.5 dB, which suggests that the detection condi-
tion for the synchrotron emission is realized only above 
a certain minimum frequency n≥nmin. Referring to Fig-
ure 7, the threshold condition S>∆Smin≈0.1 dB with the 
given absorption holds for n>nmin≈60÷70 MHz. 

 
DISCUSSION 

Calculations show that the synchrotron emission 
level to exceed the background cosmic noise level by 

∆Smin≈ 0.1 dB needs rather intense isotropic fluxes of 
relativistic electrons. The satellite S3-3 for 14 months of 
observations has recorded 313 cases of precipitation of 
relativistic electrons with isotropic fluxes from the up-
per hemisphere [Thorne, Andreoli, 1983]. Isotropic 
electron fluxes are driven by strong diffusion along the 
pitch angle during interaction of energetic electrons 
with waves in the magnetosphere. According to the na-
ture of the angular and energy spectra of precipitating 
electrons and ions, Thorne and Andreoli [1983] have 
identified 7 of 313 cases as electron scattering by whis-
tler waves (dawnside), 4 cases as scattering by electro-
magnetic ion-cyclotron waves (Pc1 , duskside), and 302 
cases as scattering by electrostatic ion-cyclotron waves 
(nightside, latitudes characteristic of the auroral oval). 
Owens and Frank [1968] present isolines of electron 
fluxes in time–L-shell coordinates for two months of the 
Explorer-14 operation with time averaging over about 1 
day. During these two months, the time-smoothed elec-
tron fluxes in disturbed periods increased to Jm(E>230 
keV)≥107 cm–2s–1 and Jm(E>1.6 MeV) ≥106 cm–2s–1 on 
4≤ L ≤ 6. It is likely that during very high magnetospher-
ic activity against the smoothed values there were short-
term (about 1 hr) several-fold enhancements of fluxes as 
compared to the smoothed ones. For example, from 
[Vernov et al., 1972; Savenko et al., 1979], which ana-
lyzed satellite data on relativistic electron fluxes for 
1958–1971, it follows that flux intensities can vary by 
2–3 orders of magnitude depending on specific geo-
magnetic conditions. 

 
 

 
 

 
 

Figure 6. Isolines of brightness temperatures at 50 MHz in the sky over Jicamarca in July 1962: a is the galactic radio emis-
sion in K, b is the sum of cosmic radio emission and synchrotron radio emission from magnetospheric electrons in K, c is the 
excess of synchrotron emission over the cosmic noise background in dB; the top panel, 6 min after the explosion; the bottom 
panel, 3 weeks after the explosion (at 00 UT) 
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Figure 7. Frequency dependence of relative synchrotron emission intensity S(dB) for various Te(J m=3⋅107 cm–2s–1, n=0, 

Lm=4.5, ∆L=0.5, Φ0 = 62°) toward the celestial pole. Dashed curves show the effect of absorption Г(30 MHz)=0.5 dB with a 
frequency dependence Г~1/n2 on S (dB) at Te=1 MeV and Te=1.5 MeV. 
 
For electrons with E >500 keV there were cases in 
which maximum fluxes in the outer RB exceeded 
Jm ≥ 108 cm–2s–1 [Vernov et al., 1972]. Electron fluxes 
with E >1 MeV exhibited maximum values of Jm ≥ 107 
cm–2s –1 [Savenko et al., 1979]. According to [Borovsky 
et al., 2016], in the geostationary orbit region (L≈6.6) 
the electron density with characteristic energies 
Te=150÷500 keV during magnetospheric storms reaches 
Nm ≥ 0.001 cm–3 or Jm ≈cNm ≥ 3⋅107 cm–2s–1. As is shown 
above (Figures 4, 5), for such fluxes at 30 MHz, 
∆Teff>500 K in the meridian plane and higher values 
(more than 2000 K) outside the meridian plane at zenith 
distances χ≥45° are to be recorded, i.e., higher than the 
sensitivity threshold equal to ∆Teff≈460 K for a 30 MHz 
riometer. 

Assuming that the satellite S3-3 has recorded 313 
cases of precipitation of isotropic relativistic electron 
fluxes for 14 months (426 days), we obtain the probabil-
ity of one event on average about 0.7 of event per day. 
The probability that in the precipitation the intensity of 
the electron flux with energies E~0.5÷1 MeV exceeds 
107–108 cm–2s–1 is difficult to estimate. On the one hand, 
for many years there have been made only a small num-
ber of reports on magnetospheric HF radio emission. 
This means that precipitation of relativistic electrons, 
presumably capable of generating intense synchrotron 
radio emission, is a rather rare event. On the other hand, 
attempts to register synchrotron emission from the mag-
netosphere in the range 30–200 MHz were episodic, and 
there is no information about any long-term targeted 
studies of this phenomenon.  

Unlike Figure 5, which shows the distribution of ab-
solute values of brightness temperature for a given lati-
tude of the observation point and various RB character-
istics, Figure 8 illustrates radio brightness distributions 
in decibels versus cosmic radio noise in the sky over 
three subauroral stations for a given configuration of RB 
(Lm=4.5, ∆L=0.5). The stations are located on the same 
meridian (the meridian of the ISTP SB RAS Norilsk 
Magnetic-Ionospheric Station) and correspond to L-
shells L≈3.4, 4.4, 5.4. Figure 8 indicates that the stations 
located to the north and south of the RB base at distanc-
es ∆L ≈1 observed almost identical regions of enhanced 
emission brightness (0.1–0.2 dB), respectively in the 
southern and northern celestial hemispheres. In this 
case, this symmetry results from the large inclination of 
the magnetic field with almost vertical field lines. At the 
station located almost under the RB base, the isolines 
S ≥ 0.2 dB pass outside the meridian plane at zenith an-
gles χ>40° in the east and west of the station. It is obvi-
ous that in these directions the probability of detecting 
synchrotron emission from magnetospheric electrons is 
maximum. Noteworthy is the minimum probability of 
detecting magnetospheric emission toward the galactic 
center (Figure 8, c, top panel), which makes a diurnal 
motion over the celestial sphere.  

It is useful to briefly consider some general condi-
tions for organizing purposeful observations of synchro-
tron radio emission of magnetospheric electrons, which 
increase the probability of a positive result. 

Latitude of an observation point. Intense precipita-
tion of relativistic electrons most often occurs in the 
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region L=4÷6 [Thorne, Andreoli, 1983; Owens, Frank, 
1968; Friedel, 2002], which corresponds to geomagnetic 
latitudes Ф0=60÷ 66°. Because of the strong influence 
of absorption in the D region under the RB base (see 
Figure 7), receivers should be placed from the equatori-
al side of it, at distances 200–400 km, i.e. at geomagnet-
ic latitudes 58–62°, where the probability of the absorp-
tion effect is low, whereas the emission intensity is 
maximum (see Figure 4). 

Antenna directivity. The sky-distribution of synchro-
tron emission intensity is highly inhomogeneous, there-
fore standard riometer antennas with wide directional 
patterns are less effective than special, more directional 
antennas. Generally there are two synchrotron emission 
intensity maxima in the sky, to the west and east of the 
meridian at zenith angles χ ≥ 40°. To increase the prob-
ability of detecting synchrotron emission, a receiver 
antenna should have eastward and westward directional 
lobes at zenith angles of 40°<χ<arccos(fоF2/n ), where 

fоF2 is the critical frequency of the ionosphere and 
n>fоF2. The most effective variant of antenna array ap-
pears to be a phased array with a multilobed beam and 
reception of radio emission from each lobe separately, 
for example, as done in [Detrick, Rosenberg, 1990]. 

Operating frequencies. Referring to Figure 7, at n≤ 
30 MHz, riometers are more sensitive to synchrotron 
emission of moderately relativistic electrons (less than 
0.5 MeV), but at the same time they are sensitive to 
absorption that affects emission detection. At frequen-
cies n>50 MHz, riometers are less sensitive to absorp-
tion and more sensitive to synchrotron emission of high-
energy electrons (greater than 1 MeV). The most in-
formative observations should be made at two frequen-
cies, for example, in the frequency windows 37.75–
38.25 MHz and 79.75–80.25 MHz meant for radioas-
tronomy [Kraus, 1973]. 

 

 

 

 

 
Figure 8. Brightness temperature isolines at 30 MHz in the sky over Norilsk (Ф0=64.5°, L=5.4, top panel), Turukhansk 

(Ф0=61.4°, L=4.4, middle panel), and Podkamennaya Tunguska (Ф0=57.3°, L=3.4, bottom panel) during appearance of RB with τ= 
2(Te=1 MeV), n=0, Lm=4.5, ∆L=0.5, Jm=3⋅107cm–2s–1: galactic radio emission in K (a); synchrotron radio emission of magneto-
spheric electrons in K (b), synchrotron emission exceeding the cosmic noise background in decibels (Г=0 dB) (c). Distributions of 
the intensity of cosmic radio emission (a) and synchrotron emission in decibels (c) are plotted for sidereal time at 15 UT (21 LT) on 
September 23, 2017 
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CONCLUSION 

The intensity of synchrotron radio emission from 
magnetospheric electrons is calculated using an RB 
model with a Gaussian spatial distribution of electron 
density over L-shells and Maxwell’s relativistic energy 
distribution. The results of calculations of emission in-
tensity with this model are consistent with observations 
of synchrotron emission from the artificial RB in the 
Starfish nuclear test carried out in 1962; therefore such 
a model can be employed to calculate the intensity of 
synchrotron emission from Earth’s natural RBs. We 
have obtained two-dimensional sky-distributions of 
brightness temperature Teff of synchrotron radio emis-
sion of the model RB and the relative intensity in deci-
bels relative to the level of the galactic radio noise. 
The emission intensity in the celestial meridian re-
gion, to which riometer antennas are usually pointed, 
to exceed the detection threshold of 0.1 dB needs 
isotropic electron fluxes with a characteristic energy 
of about 1 MeV and a density of more than 107 cm–2s–

1. In sky-distributions of synchrotron emission inten-
sity, two symmetrical maxima are formed in the west 
and east of the meridian at zenith angles greater than 
40°. These maxima are an order of magnitude bright-
er than the celestial meridian. To increase the proba-
bility of detecting synchrotron radio emission from 
magnetospheric electrons, it is preferable to place a 
receiver at geomagnetic latitudes 58–62° and use an-
tennas capable of receiving radio emission from vari-
ous directions. Characteristics of the observed natural 
magnetospheric HF radio noise such as directions of 
arrival [Chivers, Wells, 1959; Egan, Peterson, 1960; 
Ellyett, 1969] and frequency range [Chivers, Wells, 
1959; Eriksen and Harang, 1969] agree in principle 
with the results of calculations of the synchrotron 
emission from magnetospheric electrons and likely 
depend on the position of the RB base relative to a 
receiver and values of relativistic electron tempera-
ture. 

The work was carried out under the state task of the 
IAP RAS (project No. 0035-2014-0034). 
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