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Abstract. The internal structure of the fundamental Jovian decameter radio emission, the simple-shaped millisecond (S-)bursts
have been investigated with the continued wavelet transform (CWT) technique. The wide-band data taken for the present
analysis have been obtained with the high-frequency and high-time-resolution equipment of a digital spectropolarimeter (DSP)
and a waveform receiver installed on the world’s largest decameter band radio telescope UTR-2 within the frame of a joint
Ukraine-France-Austria-Russia INTAS project. In the wavelet spectra of the investigated events clear signatures of microsecond
modulations have been found. These microsecond structures of simple Jovian S-bursts open new perspective on the development
of a possible generation mechanism theory, which is briefly discussed.
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1. Introduction

Since the detection of the Jupiter decameter emission by Burke
& Franclin (1955) in 1955 great emphasis has been put on the
investigation of the sporadic Jovian decameter S-burst radiation
(Flagg & Desch 1980; Genova & Leblanc 1981; Goertz 1983;
Ryabov 1992; Imai et al. 1997; Carr & Reyes 1999; Litvinenko
et al. 1999, 2000; Rucker et al. 2000). However, the genera-
tion mechanism of this intriguing phenomenon still remains
unclear. Unfortunately, until now there is no general theory
for the explanation of whole number of observed parameters
(Ryabov & Gerasimova 1990, and references therein). Thus it
is obvious that new observations technologies and theoretical
approaches should be applied for the Jovian decameter emis-
sion investigations.

The Jupiter decameter (DAM) radiation consists of two
types of wide-band noise radio storms, called L-bursts (time
scale in seconds) and S-bursts (time scale in milliseconds),
with different spectral envelopes and time scales (Ellis 1975).
S-bursts manifest themselves as a series of short pulses with
durations from a few to tens of milliseconds and are strongly
controlled by the Jovian satellite Io, i.e. they are observed only
in two particular configurations of the lo-Jupiter-observer an-
gle. lo-related DAM emission monitoring revealed the charac-
teristics of the Jupiter emission zones known as lo-A, Io-B,
Io-C, and ITo-D and their respective dependencies on Central
Meridian Longitude (CML) and Io-phase (Bigg 1964). S-bursts

constitute approximately 10% of the total decameter emission
of Jupiter and they produce the most powerful radio emission
in the solar system. They are characterized by e.g. spectral
form, rapid drifts in the frequency-time plane, “fine” tempo-
ral and frequency structure, narrow-band events. The electro-
magnetic radiation represents a fast extraordinary wave. It is
suggested that the emission pattern is a cone with radiation
in the cone mantle, and the apex angle that is directed to-
wards the planet. Since the brightness temperature of the radio
bursts is substantially higher than the temperature of the Jovian
magnetosphere and ionosphere, it is supposed that the gener-
ation mechanism is coherent. Following the classification of
Carr & Reyes (1999) the Jovian S-bursts can be divided in two
types: a) simple S-bursts appearing in the Fourier millisecond-
scale dynamic spectrum as a set of sloping thin straight lines
with a constant-time half-power bandwidth in the vicinity of
10—-20 kHz; b) complex S-bursts with the instantaneous band-
widths much larger than those of simple S-bursts.

The main goal of the present work is to investigate the pecu-
liarities of the internal structure of simple S-burst internal struc-
ture. It should be noted that a first investigation of the Jovian
simple S-burst sub-structure was made by Carr & Reyes (1999)
and further developed by Carr (2001). They analyzed Jovian
S-burst signals recorded at 26.3 MHz with the highly sensitive
640 dipoles antenna array at the University of Florida Radio
Observatory. The processed data were presented in the form of
receiver base-band output voltage data as a function of time.
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Their most important results concerning the sub-millisecond
structure of simple S-bursts are the following: a) the discovery
of subpulses, which are successive deep envelope modulated
subpulses that are always clearly observable with high time res-
olution (better than 30 us) in the plot of power density versus
time; b) the discovery of intervals of phase coherence that begin
and end abruptly, and occur mainly during the more intensive
subpulses. So the generation process has to be strongly phase-
coherent. In the paper by Carr (2001) two interesting empirical
models of the obtained S-burst microstructure were proposed.
First, the so-called “narrow-band fluctuation model” assumes
that the burst waveform represents the statistical fluctuations
of the sum of the instantaneous amplitudes of a large number
of closely spaced but randomly phased frequency components.
Second, the “pulse superposition model” is based on the as-
sumption that the S-burst signal represents the superposition of
a group of pulses from closely spaced but independent short-
lived emission centers which are nearly monochromatic but
slightly different in frequency. Both models need to be con-
sidered in details and connected to the generation processes
at the source, a task still to be done. Further to the work of
Carr (2001) a nonlinear feedback mechanism (Helliwell 1967,
Melrose 1986) for the generation of Jovian S-burst was reexam-
ined by Willes (2002) from the point of view of recent observa-
tions of S-burst phase coherence. In the feedback model an in-
teraction between waves and particles of loss-cone anisotropy
is assumed to take place in the “interaction region” (IR), which
is drifting along the field lines. Particles entering the drifting
IR are phase-bunched by a wave which is already emitted at
cyclotron frequency and leaving the IR, and later as these par-
ticles approach the other side of the IR they generate a new
wave at a different frequency. It was shown by Willes (2002)
that the same mechanism, operating in two separate regimes,
can produce both constant-frequency (zero frequency drift) and
rapid-frequency-drift emissions.

In the present work the data of the simple S-bursts ob-
tained with the high-spectral-resolution equipment of a dig-
ital spectropolarimeter (DSP) and the broadband waveform
receiver (WFR) installed on the decameter band radio tele-
scope UTR-2 at Kharkov (Ukraine) have been analyzed with
the wavelet analysis method.

The paper is structured as follows: after a short description
of the observational equipment and data, some information is
given on the wavelet transform analysis. Finally, the new results
are presented and discussed in detail.

2. Observations

Previous observations of DAM emission were based on the
use of broadband multi-channel systems with efficient data
processing techniques for interference elimination as well as
selection and integration of non-polluted frequency channels.
This processing was then followed by an algorithm perform-
ing burst detection and parameter determination. However, this
system, first, could not provide sufficient temporal and fre-
quency resolution, and second, the obtained data presented
only the amplitude (intensity) variations versus time in sepa-
rate frequency channels. At present, the high technology of the
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Digital Spectropolarimeter (DSP, Kleewein 1997) and of the
recently developed Waveform receiver (WFR, Leitner 2001)
with very high resolution in frequency and time, provides the
possibility to obtain complete information about the radio sig-
nal over the broad-band frequency range, and thus opens new
perspectives for the investigators.

The Ukrainian T-shaped (1600 x 60 m size of telescope) ra-
dio telescope array (Braude et al. 1978) is one of the most effec-
tive and sensitive instruments for investigations of astronomi-
cal radio sources in the decametric range. Within the frame of
the Ukraine — Austria — France — Russia INTAS project (“New
Frontiers in Decameter Radio Astronomy”’) observations of the
Jovian decameter emission have been performed with UTR-2
(Konovalenko et al. 2001; Rucker et al. 2001). During the ob-
servation campaign C2 the telescope was equipped with the
broad-band waveform receiver (WFR) (Leitner 2001; Leitner
& Rucker 2001) which runs in combination with the digi-
tal spectropolarimeter (DSP) (Kleewein 1997; Kleewein et al.
1997). The DSP provides the ultimate spectral analysis capabil-
ity of performing real time digital signal processing. The signal
is digitized immediately after the HF-preprocessing stage. This
type of digital spectropolarimeter can operate down to a time
resolution of one millisecond with 1024 frequency channels
over an instantaneous bandwidth of 12.5 MHz. The measured
linear dynamic range for broadband noise is greater than 60 dB.

The waveform receiving system (WFR) presents a fully
digital broadband recorder. The WFR reaches the maximum
theoretically possible time-frequency resolution, where the
product of frequency and time is approximately 1. The dy-
namical range of the waveform receiver is about 70 dB, the
bandwidth in the single channel mode is 25 MHz. Due to the
enormous amount of data produced within one second, the lim-
ited data storage enables a continuous acquisition duration of
only 6 s. The main concept of the waveform receiver is to store
the original signal waveform. The sampling rate of the WFR
is set to 50 MHz. The digitized data are transferred via the
PClI-bus to the internal memory (~640 megabyte) of a standard
personal computer system.

3. Wavelet analysis method

Signal processing of the Jovian DAM emission is usually based
on the Fourier analysis which gives important but limited infor-
mation about the spectrum of the signal, but is not wholly ap-
propriate for treating non-stationary processes like the sporadic
DAM radiation. The main drawback of the Fourier method
is the impossibility to obtain the simultaneous localization of
a signal in the time and frequency domain because of the
“uncertainty relation”. Recently, several effective mathemati-
cal approaches, such as the wavelet transform, the Wigner-Ville
technique and so on, are actively used for the investigations of
non-stationary and non-linear processes.

During the last decade the wavelet analysis method has
been successfully applied in many areas of signal process-
ing (Mallat & Hwang 1992; Wilson et al. 1992). The wavelet
transform is a mathematical technique that makes it possi-
ble to divide data, function or operators into different fre-
quency components, and then considers each component with a
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resolution matched to its scale. The wavelet transform yields
a time-frequency description similar to the windowed Fourier
transform, but with an important difference which consists in
the shapes of the analyzing functions (Daubechies 1988). In the
Fourier transform all the used window functions are complex
exponential functions with the same envelope “filled in” with
higher frequency oscillations. For a one-dimensional signal s(7)
the windowed Fourier transform is the following

Flw, 1) = f h s()g(t' — 1) exp(—1wr’)dr,

00
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where ¢g(t) is the windowing function.

So, F(w, 1) is the signal decomposition over the family of
functions g(’ — ) exp(—iwt’) (base functions) produced from
one function by the transfers in time and transfers in frequency.
All the window functions, regardless of the frequency value,
have the same width. A choice of g(f) with large width makes it
possible to analyze the low-frequency components but with the
loss of short high-frequency phenomena if the width of g(z) is
larger than the distance between these phenomena. In contrast,
small g(#) does not make it possible to allow to analyze the low-
frequency particulars of signal because of the harmonic content
of g(t' — 1) exp(—1wt’) which has to include at least one period.
So the time resolution is defined by the width of the windowing
function. All this means that in the windowed Fourier transform
it is impossible to get the optimal time-frequency localization
for analyzing of the whole signal.

Contrary to this, the wavelets have time-widths adapted to
their frequency: wavelets of high frequency are very narrow,
whereas wavelets of low frequency are much broader.

For a one-dimensional signal s(f) the wavelet transforma-
tion consists in their decomposition over the family of func-
tions Y,pr = #‘I—’ (%) of functional Hilbert space L,(R)
produced from the mother-wavelet W(¢) (a soliton-similar
function) by scale transformations and the shifts (the scale pa-
rameter is a ~ 1/w, the shift parameter is #). The wavelet trans-
form exists in two main types: the continuous wavelet trans-
form (CWT) and the discrete wavelet transform (DWT). In the
CWT the dilation and translation parameters a € Rg and f € R
vary continuously (R is set of real number, Rg, is set of positive
real numbers). In the DWT both parameters take only discrete
values a,, = 1/2™ and ¢t,, = n/2™.

The wavelet transform is able to “zoom in” on very short-
lived high frequency phenomena, such local periodicity or non-
stationarities in the signals.

The continuous wavelet transform (which in general is a
complex function) for one-dimensional signal s(f) represents as

W(a,1) = f ) S Wa (At 2

00

where ¥, (1) = %
tions (base functions) which are constructed from the “mother-
wavelet” function W(¢) by transformations and shifts. So the
wavelet transform performs a very simple time-frequency
transformation of one dimensional signal s(¢) into dimensional

wavelet image W(a, f) defined on upper half plane [Rg X R].

(%) is the family of wavelet func-
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The main characteristic of the wavelet functions is its
time frequency localization due to the high localization of the
“mother-wavelet” (soliton-similar function), i.e. wavelet func-
tions Y, (t)(=y) = 0 outside a short limited interval. This
interval is dependent on the scale a. Through the uncertainty
condition the time resolution is also dependent on the scale.
Wavelets of high frequency (small scales) are very narrow,
whereas wavelets of low frequency (large scales) are much
broader.

The mother-wavelet function W(#') (analyzing-wavelet)
should moreover satisfy the admissibility condition

+00 1 . 0 1 R
jo‘ S¥(w)dw = f —Y(~w)dw = Cy < o, (3)

w ol

where Cy is a const, and J represents the Fourier transform
of W(¢'). The finiteness of Cy restricts the class of functions,
which can be used as mother-wavelet. Usually the normaliza-
tion of mother-wavelet has been chosen so that Cy, = 1. If the
condition (3) is satisfied the wavelet transform is inverted and
an initial signal s(¢) can be recovered from its wavelet-image
by the following:

+00 —+00 , dadtl
s(r) = f f Wi(a,t )\Pa,t’(t)T'
0 -0

Wavelet transform is linear and able to conserve the energy:

—+00 +00 da —+00
f Is()]>dr = f = f |W(a, H)* dr.
—00 0 —00

For the purpose of our work we use the Morlet-wavelet which
is satisfied (3).

One major difference between most applications of
wavelets is the choice of the mother wavelet (7). For a correct
choice of W(#) one needs to know something about the char-
acteristics of the signal to be analyzed and the features of the
problem to be solved. Our investigation showed in the case of
the Jovian S-bursts that for forming the orthogonal basis the
complex Morlet wavelet with a limited definition field seems to
be the best as the basis mother wavelet function. Morlet wavelet
is defind as (Grossman et al. 1989)

“

&)

2
lI”M(t) — e—t /2elw0t’

(6)

where wy is the central frequency of the wavelet. This mother
wavelet function has a high resolution in the frequency as well
as in the time domain.

4. Signal preprocessing

Before starting to analyze the “superfine” structure of the sim-
ple S-burst with the wavelet transformation method the data
have to be prepared. The main aim of the data preprocessing is
the individualization of one simple S-burst and further signal
translation to the lower frequency region. First, the signal has
to be filtered to attenuate all frequency bands except the S-burst
bandwidth, and to distinguish any interference. For this proce-
dure the recursive Butterworth band filter of 15th order was
used (Smith 1999). This filter makes it possible ro reduce the
harmonics contamination in 30 dB in a range of 1 MHz over
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the pass-band. Second, the signal has to be multiplied with the
harmonic signal of the lower boundary frequency of S-burst
band. The multiplication gives a residual and while summing
spectral components in the resulting signal. Then only the low-
frequency band is used. The reason for this down-converting to
the lower frequencies is, first, to reach the domain of applicabil-
ity of the continuous wavelet analysis for narrow-band signals,
and, second, to reduce the noise in the subsequently obtained
wavelet spectrum.

5. The results obtained by the wavelet transform
method

In Fig. 1 a characteristic example of processed S-burst emis-
sion data is shown. In the top panel (a) the simple linear-drift
S-burst (a segment of about 35 ms, with an initial data sampling
rate of 50 MHz) dynamic spectrum (Fourier spectrogram) is
presented. The horizontal dashed lines in the picture represent
radiation of narrow-band fixed frequency radio stations, and
vertical lines represent wide-band pulse influences. This sig-
nal was recorded during an Io-C storm on February 26, 2000,
by the waveform receiver connected with the digital spec-
tropolarimeter installed on the UTR-2 telescope at Kharkov.
This spectrum shows that the burst looks like a continuous
chirp signal with rather constant characteristics through the
time-frequency plane. The signal duration at a fixed frequency
is approximately 1 ms. During pre-processing the signal is
down-converted to lower frequencies (the frequency shift is
9.5 MHz, see right axis of Fig. 1b). The total frequency band-
width of a burst is approximately 1 MHz. The burst drift rate
is —27 MHz/s, and it was determined with high accuracy from
calculating the frequencies with the maximum power spectral

28000
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Fig.1. a) Fourier spectrum of the single
S-burst (Io-C event, February 26, 2000).
b) Wawelet spectrum of the same burst.

3000 34000

Baseband frequency, MHz

density along the burst track. The distribution of the maximum
power density with time shows that the more intensive part is
located in the center of the spectrum. A similar phenomenon
was also noted in the work of Carr & Reyes (1999).

In the bottom panel of Fig. 1b the wavelet spectrum of the
same event (Fig. 1a) is given. This picture was obtained with a
sample rate of 14.3 kHz due to the averaging and resampling
applied to the initial data set (initial sample rate 50 MHz di-
vided by 3500). One can see that the wavelet spectrum, unlike
the Fourier spectrum, shows a very intriguing time structure of
the simple S-burst signal.

It need to be noted that the receiver baseband output is
an alternating voltage which after was used as initial data
for the subsequent necessary calculations as Fourier spectrum
and wavelet spectrum. This voltage is digitized at a sampling
rate that is many times higher than the dominant frequency of
the voltage oscillation. In the subsequent computer processing
each digitized voltage value is squared, converting it to power
(assuming output impedance to be 1 Ohm). This quantity is re-
ferred to as the total power, P(¢#) and over the Fourier transform
can be expressed as:

P(t) = f "~ |F(w, [ do, %)

00

and by wavelet transform as:

+00
O ®)
where ¢(a,1) = [W(a, 1)]* Ja* and a ~ 1/w.

Figure 2a shows a wavelet spectrum segment from Fig. 1b
(time interval from 18 through 23 ms) with ~7 times higher
time resolution and Fig. 2b shows the time profile of wavelet
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coefficients corresponding to the maximum power along the
S-burst track. Obviously the simple S-burst is made up of a
series of clear separated pulses with a time duration in the or-
der of microseconds. Aiming towards a more detailed picture
of the burst substructure, in the Fig. 3a we choose some in-
tensive interval (18.2 to 18.8 ms) and enlarged to the high-
est possible time-frequency resolution (sample rate 50 MHz,
number of time points 30000, time length of complex Morlet
mother-wavelet used is 3 us). As can clearly seen from this
picture the internal structure of the simple S-burst signal con-
sists of very short pulses (duration 6—15 us) which are, in turn,
grouped. In the work of Carr & Reyes (1999) these groups
named “subpulses”. It was shown in Fig. 4 that these groups
or “subpulses”, as obtained by the method of Carr & Reyes
(1999), and those derived by wavelet techniques exhibit a clear
correspondence: the signal power and the wavelet coefficients’
power have a high degree of cross-correlation. It needs to be
strongly stated that this is the first independent verification of
the existence of the subpulses reported by Carr & Reyes (1999).

Fig. 1b obtained with higher time resolution.
b) Corresponding time profile of the wavelet
coefficient power.

It should also be noted that in the segment of S-burst event
considered a period of grouping of ~0.1 ms can be determined
(see, e.g., Fig. 3a). However, the nature of this quasi-periodic
phenomenon needs further investigation. This rather interesting
result, concerning not only the phenomenon of “subpulses”,
but also their “superfine” internal structure, may be due to both
the use of advanced observational technology and to the appli-
cation of the wavelet transform method. Simple analysis of the
obtained “superfine” burst structure shows the following aver-
age parameters:

— instantaneous frequency band of one separated microsec-
ond pulse: 100-300 kHz;

— duration of one separated microsecond pulse: 6—15 us;

— time interval between consecutive microsecond pulses:
5-25 ps.

Thus the instantaneous frequency band of emission is of the
order of 200 kHz, and the excitation increment of instability,
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which is supposed to be the cause of the decameter S-burst gen-
eration, has a narrow frequency band Af/f ~ 1072,

It was also found that one separate pulse occupies a spe-
cific frequency interval, which we mentioned above as instan-
taneous frequency band, but has practically no clearly defined
frequency drift with time (see, e.g., Fig. 2a). It seems that the
frequency drift of the simple burst as a whole results from fre-
quencies decreasing with time for each subsequent pulse. In
some parts of the analyzed S-burst the microsecond structure
has a quasi-periodical character with a modulation period in
the range of from 10 to 50 us. However, it is not possible to
draw any conclusions about the origin of this quasi-periodic
phenomenon.

On the basis of a visual review of a large number of simple
S-burst wavelet spectra it can be noted (see Fig. 1b) that the

! Fig. 3. a) Amplitudes of wavelet coefficients versus time for
the considered intensive S-burst segment. b) Corresponding
phase variation with the time.

signal intensity is higher in the central part (versus time) of the
respective burst than at the edges in the time domain.

To check the result of Carr & Reyes (1999) concerning the
simple S-burst phase behaviour within the subpulses, the fol-
lowing procedure has adopted (see, e.g. Fig. 3 where the lim-
ited time segment 18.2 to 18.8 ms was considered). The relative
signal phase variation with time has been retrieved from the
variation of the corresponding wavelet coefficient phases. The
signal phase variation obtained was then compared to the phase
of the hypothetical sinusoidal signal that is the best match over
the time segment considered. For this event at least two inter-
vals of approximately constant phase were found (see Fig. 3b):
18.27—-18.34 ms; 18.44-18.49 ms at frequency 0.862 MHz
(corresponding to 10.362 MHz before down shifting). The ver-
tical lines in Fig. 3b correspond to the 27 phase jump. From a
comparison between Figs. 3a and 3b it can be seen that intervals
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of constant phase correlate exactly with the intensive groups
of microsecond pulses. So the microsecond pulses within the
group are phase coherent. This supports the result reported by
Carr & Reyes (1999), Carr (2001). Application of the wavelet
analysis technique made it possible not only to determine the
subpulses that exist within a simple S-burst but also to show
their inherent microsecond pulse structure.

6. Possible generation models

The microsecond structure of a simple Jovian decameter
S-burst raises the question about the possible mechanism
able to form this structure. Several facts must be considered.
First, a mechanism that generates S-bursts itself create mi-
crosecond modulation processes. Second, the initial emission
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characteristics can be changed along the propagation path from
the source region to the observer. According to our present
knowledge about the scales of the processes in the Jovian
magnetosphere, the interplanetary medium, the Earth magne-
tosphere and ionosphere, these time scales can certainly not be
compared to those microsecond structures.

It is now generally accepted that the Jovian radiation con-
sists of fast extraordinary waves. Since the brightness tem-
perature of the radio bursts is substantially higher than that
of the ionosphere and magnetosphere, the Jovian decameter
radio emission mechanism should be coherent. In this con-
text the S-bursts are usually connected with the instabilities of
electromagnetic and plasma waves near the upper-hybrid fre-
quency which is caused by groups of hot electrons with dif-
ferent anisotropic distribution functions. When the generation
mechanism of an extraordinary wave is studied, two possible
processes should be considered: 1) the direct excitation of such
a wave by non-equilibrium particles in the source (cyclotron-
maser mechanism); 2) the generation of a plasma wave near
the upper-hybrid frequency with a subsequent transformation
into a fast extraordinary wave (plasma mechanism). On the ba-
sis of these ideas a number of generation models have been
proposed.

Based on the process of cyclotron-maser emission of an
unstable electron population, which can to some extent ex-
plain the modulation in the Jovian S-burst internal structure, the
most promissing generation model seems to be feedback model
(Helliwell 1967; Melrose 1986; Calvert et al. 1988; Willes
2002). However, despite the fact that the last Willes modifi-
cations of the feedback model makes it possible to obtain an
interesting theoretical interpretation of observing sub-structure
of S-burst, this conclusion needs to be verified by further de-
tailed calculations.

A plasma model proposed by Zaitsev et al. (1986) for
the Io phase dependent S-bursts in Jupiter decameter radio
emission may explain the obtained results. In this work the
source region was considered to be a multi-component sys-
tem composed of equilibrium plasma and an admixture of loss-
cone ions and electrons. The loss-cone electrons excite plasma
waves near the upper-hybrid frequency. The plasma waves con-
vert into an extraordinary electromagnetic wave due to induced
scattering by a beam of superthermal ions or electrons. Under
specified conditions a pulsation regime of the plasma wave con-
version into electromagnetic waves leads to the internal mi-
crosecond character of the simple S-bursts.

7. Conclusion

In the present work the internal structure of the simple Jovian
decameter S-burst was analyzed on the basis of conceptu-
ally new observational technology and the application of the
wavelet transform technique. The presence of microsecond
pulse groups within the emission (Carr & Reyes 1999) has
been investigated. We have made a comparison between the
results obtained by the wavelet method and those yielded by
the methodology of Carr & Reyes (1999). Both techniques ap-
parently lead to an identical conclusion, namely that there exist
subpulses during periods of time of phase coherence. In our
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opinion, the wavelet technique has several advantages, like the
possibility to reach very high time resolution (e.g. the def-
inition of the “superfine” structure of “subpulses”), and the
more straightforward numerical procedure for getting similar
results.

The detection of the internal microseconds structure of sim-
ple Jovian S-bursts opened new perspectives, in particular, for
developing a theory of possible generation mechanism. This
needs, of course, further work, statistical examinations on a
broad basis and, as a further step, the consideration of the com-
plex S-burst events. The complex S-burst structure may involve
propagation and superposition effects in addition to sophisti-
cated radio burst generation processes.
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