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BBenenue

B pamkax opuruHaipbHOro QopMann3Ma paHee ObUIO TOJYYEHO TOYHOE pEIICHHWE B BHJC
PaACIIPOCTPAHSIONIETOCS MEXIY OOJACTAMH OTPAKEHHUS AJIECKTPOMAarHUTHOTO COJIMTOHA OrvOaromieit c
YaCTOTHBIM Jpei(omM 3arojHEHUs B HEOJHOPOJHOM IUJIa3MEHHOM Maszepe C HEIKBUIAUCTAHTHIM
4aCTOTHBIM CHEKTpPOM pe3oHaTopa. I[IpuMeHeHue TeopuM K IUIa3MEHHOMY MarHuToc(epHOMy Mazepy
MO3BOJIMJIO TPEACKA3aTh YCIOBUS CYIIECTBOBaHUS KopoTkonepuoauueckux OHY  wusnyuenuit ¢
NepUoJIaMu TOBTOPEHUS CIHEKTpalbHBIX ¢GopM oTr 2 no 7 cekyHna [becnamoB II.A.. IlaccuBHas
CHUHXPOHHM3AIKSA MOJ B Ma3epax ¢ HEAKBUJIUCTAHTHBIM CIIEKTpoM. KIOTD, 1984, 1. 87, Ne 12, .c. 1894-
1904; Bespalov P.A. Effective saturation of absorption in a plasma magnetospheric maser. In book:
Nonlinear Space Plasma Physics, R.Z. Sagdeev -Editor-in-Chief, American Institute of Physics, 1993,
p.339-346]. YpoBEHb SKCHECPUMEHTAIBHBIX JaHHBIX B TO BpEeMs HE JaBajl BO3MOXKHOCTH YETKO
BBIJICTTUTH TaKUE U3TYyUCHHUS.

Pa3Butne aHanuTuyeckoro ¢opmaiuimMa JAal0 BO3MOXHOCTH BBIPa3UTh (PEHOMEHOJOTHYECKUE
KO3 (DUIMEHTH TEOPUU YEPE3 KOHKPETHBIE XAPAKTEPUCTUKHU SJIECKTPOHHBIX PATUAIMOHHBIX MOSICOB U
napaMeTpbl MarHUTOC(PepHOTO pe3oHaTopa. Peann3oBaHbl pacyeTbl CIEKTPOB KOPOTKOMEPUOAUYECKUX
OHY wuznyuyenui. Pe3ynpTaThl pacyeTOB COMOCTABJICHBI C BBICOKOKAYECTBEHHBIMU COBPEMEHHBIMU
CIIyTHUKOBBIMU Y HAa3€MHBIMH IKCIIEPUMEHTAIbHBIMU JaHHBIMU. B uTOre npojenaHHoi padOThl YETKO
BbIJICTICHBI  KopoTKonepuoandyeckue OHY  wu3nydyeHuss W OOBSICHEHbI HMX OCHOBHBIC CBOMCTBA.
[TonydyeHHbIE pe3yJIbTAThl BAXKHBI JJII JTUATHOCTUKUM MAarHUTOC(EpbI, BKJIIOYAs CKPBITHIC MapaMeTphl,
TaKW€ KaK BEJIWYMHA WU YIJOBas 3aBUCUMOCTh MOIIHOCTH €CTECTBEHHBIX HCTOYHHUKOB JSHEPTUYHBIX
3JIEKTPOHOB B 00JIACTH paJUallMOHHBIX TOSICOB.



Magnetospheric plasma maser
[Bespalov P.A, Trakhtengerts V.Yu., 1980]

Research in recent decades has shown
that the regions of the radiation belts
(RB) of the Earth and Jupiter, if
cyclotron instability develops in them,
are largely similar in their physical
properties to laboratory masers and
lasers.
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® [n a magnetospheric plasma maser (MPM) the relatively dense magnetised plasma and the conjugate ends
of a magnetic trap form a quasioptical resonator for electromagnetic waves.

e An active substance consists of the plasma of the RB having a characteristic loss cone in velocity space.

e The nonequilibrium of the distribution function lead to a cyclotron instability development, the increment
of which determines the balance between the processes of induced emission and absorption.

e The sources of energetic particles fill the pumping role.

e The working modes in MPM are whistler and Alfven waves, which are channelled by the magnetic field
and, being reflected from the ends of the magnetic trap.



Saturable absorber

In laboratory lasers extensive use is made of saturating absorbers —
specially chosen nonlinear elements in which, for a certain frequency
range, absorbers — specially chosen nonlinear elements in which, for a
certain frequency range, absorption decreases with an increase in the
intensity of the electromagnetic radiation.

In MPM in a number of cases with an increase in the energy density of
electromagnetic waves, quasilinear relaxation occurs in such a way that
the increment of cyclotron instability does not decrease but increase due
to variation of the anisotropy of the distribution function [Bespalov P.A.,
1982].

Passive synchronization of modes may develop, in which SP
electromagnetic signals is provided by the formation of a nonlinear
wave packet propagation between conjugate regions of the ionosphere.
A study of the causes and consequences of effective saturation of
absorption permits a better understanding of conditions of excitation of
SP emission in the whistler range, as well as pearls in the range of

Alfven waves.
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Slow effective saturation of absorption
[Bespalov P.A., 1984; 1993]

Equation for the envelope of a pulse sequence

In the linear approximation a maser (At ~Tgr > T, ) is characterised by a complex coefficient of
transmission G = [+ 1® from input to input. We assume that a pulse E, (t), short compared with period
Tgr of group propagation, with spectrum E (@) is applied to the maser input. With allowance for the

transmission coefficient (I'(w) < 0)

oot g 't

E(t) = \/_ j E,(w)e ""t(1+eG+ezG+...)dw—\/g j E (w)e — dow.

To clarify the asymptotic laws, we can substitute the transmission coefficient in the form

G=0g+ip+iT,Q-2Q" where Q=0 -0, .

it

We have expression for envelope E(t) =E(t)e

E<t>=ﬁ [ Ey@,+Q)

e—iQt

1-(1+g-2Q%)e g77T)
Therefore, the envelope of the individual pulse satisfies the equation

2
a E a_E_|_(]-|-g '//)E O where A=A+ |A|,5 T
8’[ ot

gr, Y/ are constants.



Nonlinear interaction in an active medium

The distribution function of the energetic particles in the region of minimum of magnetic field varies in
accordance with the equation
af a - 2 af
= Dij [Ef — |,
ot  Jdv dv,

where Dij (v) are known functions. Then the amplification of waves in a single passage through the

resonator is determined by the expression

f—f)

g+j d’v.

Here K. (v) are known functions; g and fO(U) correspond to the time long before the arrival of the next

pulse. For a relatively low energy in the pulse, we can write:
2

t t
O =g+a [|Efdt—p| [|Efct

The explicit form of the coefficients is given in [6], where the possibility of the realisation of the
inequalities § < 0, > 0 and © > 0 is also shown.

Then the problem of determining the shape of the envelope of a pulse sequence comes down to the solution
of the nonlinear equation
82 E oE
—+[1+ O — "”]E 0.
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Soliton solution and its properties
[t 1s easy to ascertain by a direct test that a soliton solution can be sought successfully in the form
la—1
~ t : t
E=E | cosh—| exp|i|b—
tp tp

where Ep,tp, a, D are constants which obtained as functions of A, /Ag, G, p/o’. For example

9

a= L(—3AR+\/9AI§+8At2 ).

2
The mean frequency <Cl)(t)> of the dynamic spectrum of the radiation varies within a pulse as
b a t
(W) =w, ————rtanh—,

tp tp tp
where AR (A |
&=—(1/2)(0T, /0w)> 0 for
whistlers, while for Alfven waves %% __
The solution shows that the period
between two successive pulses
T,~T,. | — —

Without QL effects Whith QL effects



Space and ground-based examples of short-period VLF emissions
[Bespalov P.A., Parrot M., Manninen J., 2010]

Among many different types of natural VLF emissions there are SP emissions which have a spectral form
repetition with periods of between 2 and 7 seconds. Such spectrograms are recorded by the low-altitude
(710 km) satellite DEMETER.

Figure shows a spectrogram of data recorded on June 3™ 2005 during 90 seconds between frequencies of 0
and 5000 Hz, when the satellite was in burst mode. Clear SP emissions can be observed between 1200 and
2500 Hz, with a period of 3.65 seconds. These occur at mid-latitude during the recovery phase of a magnetic
storm. The regularity and shape of these elements, their location at mid-latitude, and their period indicate
that these SP emissions cannot be mistaken with chorus. The cut-off frequency, observed to be at 228 Hz, 1s
the bi-ion frequency which is close to the proton gyrofrequency (312 Hz at 09:04:30 UT). At higher
frequencies the vertical lines are due to whistlers.
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Nest Figure displays a spectrogram recorded on March
1* 2007 during a minute interval, between frequencies
of 0 and 3000 Hz. The event occurred during a period
of moderate magnetic activity. SP emissions with
periods of 1.73 s are observed inside QP emissions
between frequencies of 800 and 1500 Hz. Here also,
they are very different from chorus emissions. As in the
previous figure the cut-off frequency (570.3 Hz at
20:25:00 UT, 524.7 Hz at 20:26:00 UT) is the bi-ion
frequency. At lower frequencies, electrostatic waves
are seen. Furthermore, the spectrogram confirms
theoretical conclusions about the general prerequisites
to trigger SP and quasi-periodic (QP-2) VLF emissions.

Many interesting examples of magnetospheric VLF
emissions were obtained on the Earth's surface in the
experiments performed at Sodankyla Geophysical
Observatory (SGO). In particular, SP VLF emissions
were registered. One example of a SP spectrogram
from Kannuslehto at L=5.4 can be seen in Figure.
Here, the period of these SP emissions is
approximately 5 s.
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3aKJII04YeHue

B 3eMHO#1 MmarHuToc(epe uMeeTcss HECKOJIbKO OCHOBHBIX THIIOB ecTecTBeHHbIX OHY-n3aydeHuit U KaxK bl
U3 HUX OTBEYAET ONpeAcICHHOMY (PU3MYEeCKOMYy Mpolieccy. ITa padoTa MOCBSIICHA SKCIIEPUMEHTAIBHOMY
U TEOPETUYECKOMY M3YUYEHHIO ECTECTBEHHBIX KOpoTkonepuoandeckux OHY-u3nmydeHuid, B KOTOPBIX
CIIEKTpajbHble (OPMBI MOBTOPSIOTCA C MEPUOJAOM OT 2 110 7 CekyHI. SP u3nmydeHus: ObUIM YBEPEHHO
3apETUCTPUPOBAHBI B KOCMUYECKUX 3KcriepuMeHTax Ha cnyTHUKe DEMETER u 1o Ha3zeMHBIM JaHHBIM
obcepBaropur SGO. Ilo HameMy MHEHHIO MMEETCS HECKOJbKO JKCIEPUMEHTAIbHBIX (DAKTOB, KOTOPHIC
ONPENEIAIOT CYLIECTBOBAHUE HOBOIO MEXaHU3Ma TEHEpaluuu J3TUX u3inyuyeHul. lIpexne Bcero, 3tu
U3JIyYEHUs] HUKOT/Ia HE TPaHC(HOPMUPYIOTCS B XOPOBBIC JIEMEHTHI WJIM B KBa3UTIEPUOJUUYECKUE U3TYUCHUS
(QP 1, QP 2) nocpeacTBOM IIaBHOTO U3MEHEHMUS MTEPHUOIa TOBTOPEHUS CIIEKTPAIBHBIX (OPM. DTO SIBIISIETCS
AKCIIEPUMEHTAIIBHBIM JOKA3aTEIbCTBOM YHUKANbHOCTH SP m3myuenui. [lanee SP m3nydeHHs coXpaHArOT
CBOU CHEKTpabHbIC (POPMBI OT UMITYJIbCA K UMITYJIbCY U 3TUM OTJIMYAIOTCA OT MHOTOCKAUKOBBIX CBHUCTOB.

B nanHol paboTe MoJiy4eHbl CIEeIYIONIUE PE3yIbTaThI:
* PazBuTa TeOpUA MACCUBHOM CMHXPOHM3ALMHM MO/ B IJIA3MEHHOM MAarHuTocepHoM Masepe.
* Jloka3aHo, YTO PpPACCYUTAHHbIC HA JITOM OCHOBE CIHEKTPbI 3JCKTPOMATHUTHBIX H3JIy4YeHUMN
COIJIACYTCH € BbICOKOKAYECTBEHHLIMU CIHYTHUKOBBIMM H HA3€MHBbIMHU JHKCIEPUMEHTAIbHBIMHA
JAHHBIMH 0 KopoTkonmepuoauueckux OHY uszaydyeHUsIX ¢ CeKYHAHbIMU MEPUOAAMH NOBTOPCHMSA

CIIEKTPaJBbHBIX (opM.

* Hp@[[.]]O)KEHI)I HOBbLIC METOAbLI AUATHOCTUKHM BCJIUYUMHBI H yFJ]OBOﬁ 3aBUCUMOCTH MOHIHOCTH
CCTCCTBCHHBIX HCTOYHUKOB JHCPIrUYIHLIX 3JICKTPOHOB.



