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Two-Component Nature of the Broad Up-shifted Maximum
in Stimulated Electromagnetic Emission Spectra
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The broad up-shifted maximum (BUM) is one of the most prominent stimulated electromagnetic
emission features and has been the subject of intensive investigation in past ionospheric modification
experiments. The spectral properties representing the BUM have been regarded as belonging to one
uniform feature. Here we present experimental evidence that the BUM actually consists of two separate
components, and we elaborate their characteristic properties. [S0031-9007(98)06868-9]

PACS numbers: 94.20.Bb, 52.25.Sw, 52.35.Ra, 52.40.Db

Since the first observations of stimulated electromagracy of a few kHz [5]. Investigations of the BUM fea-
netic emissions (SEE), excited in the ionosphétiegion  tures have revealed that the frequency of the BUM peak
plasma by a powerful hf electromagnetic wave [1], the in-intensity ( fgum) versus pump frequency closely follows
vestigation of their features has become one of the leadhe relationfgum = 2fo — nfce OFr Afgum = 8f, where
ing methods to study the properties of artificial turbulenceA fgywm is the shift of the BUM spectral peak frofy [2].
in the ionospheric plasma. The physical strength of thélhis has been taken as a hint that the BUM might be gen-
SEE phenomenon has its origin in the compound structurerated through a four-wave interaction process, involving
of the spectra and in the individual temporal evolutionstwo pump photons (or upper hybrid plasmons), a decay
of different spectral components, reflecting the developmode atnf.., and the stimulated electromagnetic emis-
ment of and competition between various wave interactiorsion atfgym [3]. More recently, it has been found that
processes, from their initial growth to their nonlinear satu4n a rather narrow frequency ranfe< 6 f = 30 kHz the
ration. These experiments, although performed in a geosalue of A fgym remains constant or has a considerably
physical environment, have the character of pure plasmaeaker dependence on the pump frequency in comparison
physics experiments, and their results are transferable twith the case of larges f, for which the above mentioned
other than ionospheric plasmas. relationA fgum = 61 is closely satisfied [6—8]. Besides,

Recently, considerable attention has been focused dn these measurements the BUM generation has been ob-
investigations of the SEE features when the pump waveerved not only forfy = nf.., but also forf, slightly
frequencyf) is close to a harmonic of the electronic cy- below the cyclotron harmonic frequency. Further charac-
clotron frequencynf... The experiments performed have teristics of the BUM feature are the existence of a cutoff
shown that in a narrow frequency band for= nf.., the  frequency at the low frequency flank [4], the occurrence
SEE features are very sensitive to the pump frequencgf multiple maxima in the BUM spectra [2,7], and a pro-
offset fromnf.., 6f = fo — nfe [2—7]. The main re- nounced dependence of the BUM intensity ®f [8].
sults obtained in these experiments are a weakening and The most intriguing aspect about the BUM is the fact
quenching of the down-shifted maximum (DM) in the that its frequency spectrum lies entirely on the up-shifted
SEE spectra wheyy is very close toif .., and the appear- side. Wave interaction processes preferentially lead to
ance of a broad up-shifted maximum (BUM) whénis  frequency down-conversion, with only a small, or at best
slightly higher thamf... The DM is a spectral maximum equally strong, up-shifted mirror image. The entirely up-
occurring at a frequency offset of approximately0 kHz  shifted nature of the BUM, therefore, represents a major
from the pump frequency. The BUM is a SEE featuretheoretical challenge. By now a few theoretical models
that exists on the up-shifted side and may reach out tfor the BUM generation have been suggested [2,9,10].
200 kHz above the pump frequency. The suppressiofluang and Kuo [11] reviewed the previously considered
of the DM has been proposed to occur when the pummpechanisms, showed their limitations and contradictions
frequency coincides exactly with a harmonic of the elecwith experimental data, and proposed a new second-
tron cyclotron frequency in the upper hybrid resonance reerder four-wave interaction process. However, none of
gion and results from strong cyclotron damping of plasmahese theoretical mechanisms can explain the complete
waves. The narrowness of the DM resonance absorgset of observational properties, especially the existence
tion provides a possibility to determine experimentally theof a frequency range with a weaker dependence of
magnitude of the gyroharmonic frequency with an accuA fgum on fo when the pump frequency is slightly above
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a gyroharmonic frequency [6—8]. The demand on the
theoretical side would be altered if the properties attached n)\ /\v)} M
to the BUM as a uniform feature would actually belong to MM""MWWM s ™ le
. . . . sty A
different features with different physical causes. "
Certain indications that two different BUM components o M sy~ 5410 —

may be distinguished can be found in some of the MW,J“‘J e
previous experimental material (e.g., Fig. 14 of Stubbe i, hohend

and Hagfors [12] and Fig. 1(a) of Frolat al.[7]). To uwMJ M—suo—
understand better the actual BUM structure, we have 0 \M'

performed purposeful experiments with the Sura heating ot )
facility (56.13N, 46.10E, Nizhny Novgorod, Russia) in
which the pump frequency has been changed in very small

N
steps in the immediate vicinity of the fourth gyroharmonic JW*M ﬂm\w*m*
frequency. This Letter gives experimental proof of the

two-component nature of the BUM structure and presents ph Jm_m_

the characteristics of each component. ,,,,,,JL/’;/\ o~ M~54657
The measurements were performed on 3 and 8 Septem- JLJJ y M
ber 1997. An O-mode pump wave was transmitted con- e B
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tinually, and fy was varied in steps of typically 5 kHz M’“‘W[ MM*WO* .,JW/\/
around4f.. (=5450 kHz) and was kept fixed for a few vy w‘/\m —_—
minutes for each step during the time of measurements. /‘)h N kg 5490 /\J\
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The experimental results presented herein relate to steady- Ww’ M N,
state SEE spectra. For the frequency range used, the maxi- : ) ; =
mum possible effective radiated power (ERP) of the Sura Af (k14 Af k7]

facility is P = 150 MW. An ionosonde is operated near ) )
FIG. 1. Experimental results obtained on 3 September 1997

the site of the heating transmitter, providing ionograms ©V%rom 13:10 to 13:50 LT for pump frequencies around the fourth

ery 15 min. From the ionograms, the bottom side electronyroharmonic.  The heater is operated in the O mode with
density profile, the critical frequency of the ionosphéfic  an effective radiated power of 150 MW. Shown in the SEE
region for, (Which is the maximum plasma frequency of strength in relative units (10 dlivision) versus frequency

the medium), and the natural level of ionospheric disturoffsetAf = f — fo. The strong narrow maximum atf = 0

bance are derived to support the observations corresponds to the pump wave reflected signal. Two spectra
) are presented for each of the selected pump frequencies (which

In the measurements carried out around the fourtliyyer the range from 5390 to 5510 kHz), differing with regard
cyclotron harmonic, the precise value &f.., was deter- to the frequency span. The spiky peaks in the spectra are due
mined by using the effect of DM quenching. Figure 1to interfering radio stations.
displays a sequence of SEE spectra for pump frequencies
in the range 5390-5510 kHz (heréf.. = 5450 kHz).

The experiments were carried out under daytime condiintensity wedge-shaped emission occurring in the upper
tions. The heater was operated with an ERP of 150 MWsideband of the pump over a rather wide frequency range.
The spectra presented in Fig. 1 were produced by aveiFhis emission, however, is not likely to be an integral part
aging over four to six successive single spectra to reducef the BUM feature. Further detailed experimental studies
the noise. For each measurement two spectra, differingppear necessary to clarify this aspect.

with respect to their frequency span, are shown in or- The spectrum forfy = 5465 kHz (6f = 15 kHz) de-

der to highlight different spectral portions. In each specserves special attention. Two different spectral maxima
trum, the intensity level covers the interval fromi20 to  (BUM,; and BUM,), up-shifted by approximately 19 and
—60 dBm, and successive panels are separated by 30 dB7 kHz from f,, can be distinguished in the BUM spec-

In Fig. 1 we see that maximum DM suppression occurgrum. After having identified these two separate max-
at fo = 5450 kHz which implies4f., = 5450 kHz. It ima, we can state that the BUM here is identical with
is clearly seen from the spectra i = 5430, 5440, and the BUM,; for 5430 kHz = f, = 5460 kHz, and with the
5445 kHz that the BUM excitation is not restricted to BUM, for fy = 5490 kHz. In between, there is a narrow
the casefy = 4f.. but extends down to 20 kHz below pump frequency range in which the BUhMand BUM,
4fc.. For fo —4f.. = 6f =0 it is seen (1) that the coexist. In its range of existence-20 kHz = §f =
BUM peak frequencyA fgum is almost independent of 30 kHz), the peak frequency of the BUM Afgum,.
the pump frequencyy, settling at about 14—15 kHz, and shows only a moderate increase with The BUM, peak
(2) that the BUM peak intensity decreases significantlyfrequency is nearly constaniA fgum, = 35 to 40 kHz)
with decreasingf,. At the lower pump frequencies (see over the frequency rangé5 = §f = 30 kHz and goes
the spectra fofy = 5390 and 5410 kHz), we have a low over to a strongerf, dependence forsf = 40 kHz.
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Starting até f = 20-30 kHz, the BUM, dominates in the mental sessions, and panel (c) shows the corresponding
BUM spectrum. It should be noted that the width of thevalues ofA fgum, andA fsum, (i.€., the frequency offsets
BUM; spectrum, measured 3 dB below its peak intensitypf the BUM; and BUM, peaks fromy) for both sessions,

is approximately 10-12 kHz, independent fif. The

marked by circles and triangles, respectively. It is seen

width of the BUM, increases slightly from 15 to 25 kHz in panels (a) and (b) that the DM peak intensity has a

with increasingf.

deep minimum of more than 20 dB in the gyroresonance

A summary of the experimental results is given inregion at §f = 0. This minimum coincides with a

Fig. 2. Panels (a) and (b) show the DM, ByMand
BUM, peak intensities versusf for two separate experi-

SEE Intensity [dBm]
-70 — T T

—120

" a)

BUM,

SEE Intensity [dBm]

........

~60 —40 —20° O 70 40 60 80 100 120

—701—
L_Y,\\
-go{ DM:
_90..
—1001
—1104
BUM,

120 0% & 70 40 60 80 160 120
Afpum,, [kHz]

120 ————

100+

80

60

07 BUM, «*~7,

20 M‘/’_‘

| BUM, o7
Obo—%0—%0" & 70 40 66 &0 160 120

fo—4f. = 6f [kHz]

FIG. 2. Dependence of the SEE strength for the DM, BUM Nance Iev2eI, thag isl, \2/vhere the local upper hybrid frequency
and BUM on the offset of the pump frequency from the fourth fun = (f2, + fZ)'/? equals the pump frequengy. Ob-

electron cyclotron harmonic frequendy for the experimental
results obtained (a) on 3 September 1987= 150 MW ERP)
and (b) on 8 September 1997 & 20 MW ERP).
represents theéd f dependence of botl fgum, and Afgum,,
marked by circles fol? = 150 MW ERP (3 September 1997)

Panel (c)

maximum of the BUM peak intensity. The maximum

of the BUM, peak intensity, on the other hand, occurs
at 6f = 20-40 kHz, which is outside the gyroresonance
frequency range. The difference between the experiments
shown in panels (a) and (b) lies in the pump power which
is 150 MW ERP in (a) and 20 MW ERP in (b). We
notice that the range of existence of the BUbktends to
larger negative values @ for the higher pump power.

Panel (c) shows thak fgym, is almost independent of
the pump frequency fobf in the range—5 to 15 kHz,
amounting to about 15 kHz for both = 150 MW and
P =20 MW ERP. For higher values a¥ f, an increase
of Afgum, up to about 30 kHz is observed. For the
lower pump powerP = 20 MW ERP, the magnitude of
Afgum, is well represented by the relatidhfgum, =
éf, or feum = 2fo — nfe., as found in [2] [the dashed
line in Fig. 2(c)]. For the higher pump poweP =
150 MW ERP, we notice that foréf = 40 kHz the
situation is changed in that the curdefgyy, versusé f
now has a much smaller slope. We also see MNyatyw,
is approximately given bA fgum, = 2Afgum, for 6f =
20 kHz. However, additional experiments should be
performed in order to investigate whether the BUM
maximum at lowd f values should be interpreted as a
second BUM maximum.

Another experimental finding that should be noted is
the occurrence of multiple BUMmaxima (see also [3,7]).
We see in Fig. 1 that multiple BUM maxima exist
when 6 f = 30-40 kHz, which is the frequency range
of maximum BUM intensity. Three maxima are seen
in Fig. 1 for fo = 5480 and 5490 kHz. The frequency
shifts of these maxima are given byf,,3 = 36, 75, and
110 kHz for the cas¢, = 5480 kHz.

Simultaneous measurements of the DM and BUM fea-
tures have been performed during sunset when the critical
frequencyfor, undergoes a successive decrease. We find
that, oncefyr, falls below fy, both the DM and BUM
intensities decrease by about 15-20 dB and continue to
be observed down to critical frequencies 150 kHz below
the pump frequency. This suggests that the BUjén-
eration occurs in the vicinity of the upper hybrid reso-

servations of the DM for such underdense plasma condi-
tions have been previously reported by Leyseal. [3].

An important point is the influence of small-scale mag-
netic field-aligned striations on the BUM generation. It

and by triangles forP = 20 MW ERP (8 September 1997). has been shown in [6] that the occurrence of the DM in-

The dashed line is a plot of the relatiggum = 2fo — 4fc..
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accompanied by a minimum in the anomalous absorptioa harmonic of the electron cyclotron frequency can be
rate of a hf diagnostic wave, which is an indication of aexplained by a decrease of the striation intensity. The
corresponding minimum in the striation excitation level. proposed mechanism [11] explains also the existence
This then means that the BUMmaximum at gyroreso- of the low-end cutoff frequency of the BUM[4], the
nance should be linked to the reduced absorption rat@ccurrence of the second BUM feature (but not of the
i.e., to an enhanced pump energy flux reaching the resdhird), and the generation of the emission preferentially
nance region. This implies that a theory aiming at anin the up-shifted sideband of the pump wave. On the
explanation of the BUM should not depend on the pres- whole, this theory has explained some of the important
ence of striations. The same cannot be said with respecharacteristics of the observed ByYNeatures but not the
to the BUM, which exists in a frequency range where existence of a frequency range with a weaker dependence
the anomalous absorption rate is back to normal valuesf A fgum 0On fo whenfy — nf.. = 20-30 kHz.
and which is produced near the upper hybrid resonance The experimental results presented here will require a
level where upper hybrid waves and striations are imporrevision of the theoretical views on the physical nature of
tant for wave-plasma interaction. However, according tahe BUM emission in the SEE spectra, taking into account
[7], there is reason to believe that the temporal evolutionts double structure.
of the BUM, is determined, first of all, by the presence of The authors gratefully acknowledge the technical sup-
low frequency turbulence which is immediately involved port from the staff of the Sura heating facility, and
in the BUM, generation process. Based on the availablehe financial support from the Max-Planck-Institut fir
data, we can state that this turbulence has a decay time #éeronomie. This work has also been supported by IN-
a few tens of milliseconds and a growth time to saturatioifTAS Grant No. 95-IN/RU-434 and the Russian Founda-
longer than the growth time of striations. In order to clar-tion of Fundamental Research Grants No. 96-02-18659,
ify the properties of the low frequency turbulence, as wellNo. 97-02-16397, and No. 98-05-64509.
as the role of striations in the BUMgeneration process,
further detailed experimental investigations are needed.
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