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ELECTROMAGNETIC WAVES RADIATED BY ION BEAM
INJECTED TO 1I0NOSPHERE
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Research Institute of Applied Mechanics and
Electrodynamics of Moscow State Aviation Institute.

1. dAntroduction

Plasma fluxes and beams of charged particles draw the
investigators attention to use them for amplification and
generation of electromagnetic waves. The principles of
excitation, amplification and generation of microwaves in
electron fluxes are well studied in such devices as TWT,
EWT, magnetron types of devices etc [1].

In ion 1injection when neutralizing the ion beam
charge electrons from a cathode—éompensatdr are
accelerated by potential difference from several to tens
volts between the beam and cathode, then inside the
initial region of ion beams we have the electron movement
with the velosity Ve’ >Vpi (vbe and v,. are the velositi-
of electron and ion beams respectively). Such beam
similar to plasma-beam system that is unstable in the
sense of excifation of plasma waves. [2], [3], [4].

The waves excited are one of the main reasons of
electromagnetic noises genefration. They also influence on
efficiency of excitation from external generator of
electromagnetic oscillations and can influence on
electrodynamic characteristic of beam movement in
ionosphere plasma. In the latter case we have the
complicated multi-component system with several fluxes.
The analysis of such systems is rather difficult so in
this .paper the wave properties of cylindrical plasma flux
infinite in longitudiral direction are analyzed and the
efficiency of such plasma waveguide excitied by the
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2. Plasma waves in a coaxial plasma stream

The object of this paper ‘i's %o
propagation in a
boundaries.

investigate
with

plasma

waves coaxial cylinder vacuum

2.1. Formulation of the problem

An axial symmetrical system i (ds/de=0)

approach by

S considered
The probiem is treated in the linear kKinetic

means o0f t
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e following integro-differential system:
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where ?r and V_are velocity components along r and 2z
respectively and
+ J
MR R 1 A D
a a a

The field conduction on the plasma-vacuum
o) LpY o) “av
EZ(R) EZ(R). Hw(R) Hw(R) ¢5)

p -V P an Y
Ez(a)—Ez(a). Hv(a) Hw(a) (6)
where indices p and v denote the plasma and vacuum.

The dependence of the flieds, fa and Vz 1S expj(kr-wt),

where K, and K are the longitudinal wave number for the

w

piasma and free space respectively.

2 2. Dispersion relations.

n

olving eguation (2) w:th the boundary conditions
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If the resu.t (7) is substituted into expression (1)
1t will be difficult to solve equation obtained However,
tne equation may be easily solved if we aaccept that
72>ai: that 1s accomplished easily for VZ>Vr or when (R-a)
is great and n is small. Such *assumption is quite true
for the electron beam moving in the plasma along axis z.

: . a2
Then if we expand expression 1/% i

in the series and
retain only the first terms of the expansion we shall

obtain the folbowing equation:

i 7
dr
Where
(k%+k%)a KB
l= <+ 3 2
c p 2
Jwe ¥ € W
Dl
o Ao ge (K”-K3) %
jwco12

This equation is easy to solve in terms of
cylindrical functions. To obtain the dispersion relation,
it 1s necessary to use the boundary conditions (5) and
(6). We consider plasma cylindrical layer at the inside
and outside surfaces is bounded by vacuum. The dispersion
relation for this case will be:

T'HO(KR) DS (TR)=Y, (TR)
o v v (9)
K H,(KRJ ~ DI TTRI-Y, ;(TR)

be

Where
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1t was assumed that solution of eq (9) 1s other that
zero for r=0. From eq (9) one can find the complete
spectrum of the plasma waves and their 1increments or
decrements in a cy.indrical coaxial layer plasma for

different R and a values.

2.3. Electron plasma waves.

The equilibrium electron and ion distribution
functions were chosen in order to analyse the equation (9)
and assuming the ion and electron thermal velocites to be
respectively less anZ more than the phase velocities of
the low frequency waves and the phase velocities of the
rigr. freguency plasma waves more than thermal velocities,
V€ Y= easys to caletlaie Thel gA Tianci BUMYREBErdlS iand
therefore, the T and v, parametres If the electron

strezm having the U velosity 1s moving in the plasma, the

oo

expression of T” parzmeter for the high “~equency plasma

e

X (KZ_KZ. e }: 2weB ¥ 3“eBK3VTe
: KaeRT

I B (w')2 (wr)?

4.8 (iR s B i

Sy *2.3%o3) | Yegls (13)

3 L (w'/“ﬂj

arere smcieesf anci B=t denote She piasne  and  he
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w_ = - the plasma freguensy, w=w for

ep mco
Suesesion. QVarl =z ané u'=u-K3U for summetion over B=p; U=
the electron stream velocity along axis A VTe=

10 ) : 3 = R i

(ZKTe/m;‘ & the+electron thermal 'velocity, Te =1 5He

electron temperature, K2=K§—K§; KO - the wave  number in
the free space.

For R — o and a —0 eq (9) are transformed into the
relation for unbounded plasma [3].

For a—0 the eq (9) are transformed into  the
cdispersion relation obtained in paper [4].

Cylindrical function index v is near 172 with
considerable changes of parameters. One can express the
cylindrical function through elementary functions sin and

cos, then eq (10) for a=0 is as follows:

1 1 KO(KR)
TR CLETR “RR°K, (KR) (11)

One can approximate the final expression of the
cispersion relation (11)in the following way

Ts-gg— n=D.1.28 (12)

From equation (11) and (12) one can see the change of
the plasma waves spectrum VS the coaxial plasma cylinder
!imensions (R) and this eq. may be easily solved.

As an example some of dispersion curves for high
frequency plasma waves are shown fig.2 and 3. These
dispersion curves were plotted after calculation of the
equation (12). Influence coaxial cylinder dimension (R),
thermal electron velocities, the velocity and the density
of the electron stream and the phase velbcity of e.m.
waves are demonstrated by means of these curves.

The dispersion curves were calculated by the eq (12)
eb)l/2_

for n=2 0 =ta b
hotin < ( ep

plasma waves.

VF is the phase veelocity of

The dispersion equation (11) determines the total
spectrum (w, K3)of plasma waves and permits to estimate
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antenns progerties of plasma jet. Under 'the conditions o
CHPRTLTEST 2hs Sengity of plEEna SiyesT.  on  the ~iriegtbor
SUIPNG T i S A \ L » il
Culby 38 T =il EIR 4 Ip 10°HZ' ;" the irequency of ;excitting
signzl is of order 50 MHz. From the calcuiations performed

and taking :into account spread in plasma stream parameters
- : ’ : < : ; o =1
we have founc that K; ranged in varies from 1 to 10 Coe =)

Knowing K one can obtain the, field distribution : of

surface 3ave, For large KR the distribution varies
exponentially E_=E _ exp (-Ksr). For K, = (1...10)m™ Y the
field 1intensity reduces in <4 times in the distance
r=1...0.1m. The size of string exciter must be within the

same limits.

3. The conditions of wave excitation and matching of
the exciter with HF generator.

o) obtain maximum value of coefficient of
ormation of generator oscillation into surface wave

aryuthas figlchistrueture formediiby reXciter | 1S
ciose to the field structure of cylindrical waveguide. 1In
the conditions considered the excitation is made by the 20

A}

cm diamever nming. This ping ' istirYeced  -into:. the! %olime

Ben? lat @

5 : iy
around beam piasma with densi. S 5% 6 Rl [
distance im froxminjector. This' the plasma 'antenna ''is a

synthesis of metal ring, ion beam and the volume of near

beac 1fTuced plasms. 13, me ‘Bssume  that. the -spatia:
SistrituTion cideritical blagseal  densisyt Ws ldikelicosins

IurE &b Ststattce of about Iz fiom. the. ipieetdr .’ oue cany
e

fivd nhe eificierdcy of tepascrretion” - 0F lectromzgne:ic
weves which are excited by this radiator

Tneiczlicuiation shewuthHat for KQ=10m-l and r=im the
elitan g i ans el Al onn 8 abnutullz and for K,ult_l =~

o]

S BT blenies g aBnaE dhi For  the 6. generator the
energy of surface wave wili be no: less thar O.6W . That is
enough Lo rzceive the signzl on Skel ground. However -—he
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iem of generator and beam matching is very important.

To determine the influence of matching one c¢an use the

egquaMesent electrac seneme iR the fig 4 whereé
II - is the 1on injector, E - exciting ring;
C' - capacity between beam and E;
> — capacity between II and the space;
C‘r = input capacity of a coaxial cable;
Zl - impedance between the injector and exciting
ring;
ZpA — 1mpedance of plasma antenna:
B v internal resistance of the generator:;

Ug — output HF voltage of unloaded generator;
UpA - effective voltage at the input of plasma
monovibrator.

e assume than ZpA 1s the active impedance which

egual 100...1600 Ohm, Cin=75pF‘ l.e. Xin=l/wCinw=48 Ohm
for (=45 MHz; C''=11pF, X'=313 Ohm.
Zl=L/so - impedance of initial region of plasma beam
where. o=(e=1)iw €, is the conductivity of plasma that are
formed by the beam on the cut of the LRjector: ‘e is
dielectric plasma permeability. Zl=X1=4 Ohm

Taking above estimation one can write the expression
for generator load at points 1-1

42 L m e PR e R
Tl e .DA(X1 X )-X (rpA+(X1 A 1rpA(X1 %)
BT I

NS i g 2 AN
FpA(Xl— X )-+1[rpA(Xl—X )—(X —Xin)[rpA+(X1—X ) ]J

Using above values fdr equivalent scheme one can
obtain Z£1=—i45 Ohm, 1i.e. the generator operates with
capacity load Xi1=45 Ohm. For rpA>>X" the voltage wvalue
UpA can be defined by the following formula

X=X

= Sl 1 s
LpA‘”MW):O' L
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This for the uzed excitation scheme of plasma antenna

n

the efficiency of radio frequency generator is less than
10% for voltage and less 1% for power. In the case when

Z_ ,<1600 Ohm and taking into account the influence of near

DA
beam plasma the power of signal radiated by plasma antenna

can increase by a factor of 10.

4. Oscillations in the circuits, gas discharge and

beam of ion injector.

The electromagnetic processes in the ion injector can
be devided on the internal and external ones. The internal
problem includes the consideration of plasma instabilities
in gas discharges, fluctuation 1in 1injector electric
cirenits’ andi moilses | inside. Spacecraft . The extarnal
problem is connected with plasma instabilities in plumes,
interactions of plasma jets with electronic equipment and
environment.

2 oscillation phenomena in gas discharge chambers
play . substantial role in generation of electromagnetic
flelds in circurts.. beanl jet 'and’ environment.: They
detefm:ne irputl lexcitationsforil inyector | plumes and
experiments rave shown thascharacteristic of fluctuzations

Iw/ theiclireurysend jetsiiare ciosely interconnectec . There
a

=re many gas discherge insvabilities and osciliaiions. For
sxamn.e they czn zrise dcue to the processes of ionization
'f‘lO4 AOSHZ). eleet on. mad ol dridts  inotietossed
=l@ereamy ol AN nte Seder s Al e g (105A. 107¥:). cvcliotron
168 ”9;38 ool an Jangaurr plasma nscillations
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cireult filbters’ the spectrum ' oseilliations ' can.  be ‘very
wide one due to nonlinear performances of the electric
Careurilt comporents lend. gas discharges 1LRSs oS L lagiion
processes can cause . the discharge voitage Ud  and and
current Id modulation.

The measurements of spectral density of the
electromagnetic field intensity of 1ion injector near
electrical circuit wires were carried out in wave band
104.,,108Hz, These measurements demonstrated that magnetic
components of electromagnetic LF and HF fields out of an
lon injector are larger then electric fluctuation fields,
which are located near wires with the discharge current.
The spectral intensity of the magnetic tields are
illustrated by the fig. 5. There are no electromagnetic
fields larger then environment electromagnetic noise at
the distances about 150m from injectors. The analysis of
experimental results and analytical estimations have
allowed to determine the spatial structure of
electromagnetic fluctuation fields from injectors.

The theoretical and experimental studies of the plasma
Jets waves characteristics show that a slow potential and
fast electromagnetic waves propagated [1,2,3,5]. Basically
excitations of waves are connected both gas discharge and
stream instabilities= Therefore we can consider gas
discharge chamber a. one of subsystems. Electrical
circuits and energy system, plumes, onboard systems and
ionosphere are other subsystems. All subsystems have
differ?nt interaction between them. It was found by
investigations that every subsystem has both a natural and
correlated spectrum of oscillations which are defined by
the other subsystem parameters.

The spectrum of interconnected oscillations is often
very complicated and there are a 1lot of harmonics or
spectrum modes. In laboratory investigations we have found
that the intensity and spectrum of electromagnrtic waves
radiated into environment depend on both separate

Bl I N
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subsyssem pzrateters and whole complicated system. One can
noTe 25 sl moeotrun SHSIASTE BSciulations in pllimes, s

ad s
changed from gas dicharge spectrum (f<lOSHz) not strong
(see Fig. 5) Ir plasma streams the spectrum cutoff on the
electron plasma frequency. The plasma density is decreased
along streams and the spectrum Dbecomes more narrow on
large distance from the exhaust of an injector. Therefore
plasma specirum in plumes 1is determined by plasma gas
discharge instabilities and natural 1instabilities of
plasma plumes.

In ion ingector one of the strong instabilities is the
two stream one which arises due to the potential
difference of wvoltage. The -electrons from cathodes
(compensators, neutralisators) go into plumes with
velocities determined by these potential differences, 1i.e.
the velocities of these electrons are larger than plasma
streams ones. As result the stream instability arises. The
features of stream instability in plasma plumes have been
cors caren ir Ehe pRoLitWO:

The instabilities as well as the generator of the EM
oscillation can excite plasma plumes 1like waveguides or
surface rode dielectric (plasma) antennas which radiate
electromagnetic waves along axls of plumes or 1in any
angles to axis.

The plzsma :instabilities are trznsformed into transverse
elecsromagnetic wave on the plesza boundary or tney induce

»Y ariare 2arrents: uinf condicbiNe ‘paterials o6f tne

ind. ~75r ang8bscecreit. [JThesz opoenomenz are ths .reasons
cf zlectrorzgnetic noise sadiations which form
interierences for e:scvrondc aesystens . To. Verify . Ghe

thesreticzl znd experimentz]l laboratory experiments the

QR faredanily e UesclsEnhagne vl o fields in
QP e SN HUOnS afland i B L STe r SESED ot T nedn
Sgelins anvironrent (=l LLBORED, 06 0 20
30 e S T 18D .2 ERER) e iCarriad . oul. Onbozard
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measurements are correlated to laboratory results The
good example of this suggestion 1s the laboratory and
flignt time performances of changes of HF waves 1intensity

(Fig.6)

5. The electromagnetic waves excitation by charged
particles beam and their propogation in ionosphere.

The conditions of wave excitation by the beam in the
extremly low frequency wave band for the orbit height
300. . .400km can be analyzed by means of dispersion
equation for the interaction of infinite beam with
infinite plasma [4]. Even in this simply case the
dispersion equation solution for the wave progation in
arbitrary direction in infinite ionosphere plasma in the
presence of the ion beam has the complicated character.
The relatively simple analytical equations for wave
frequency spectrum can be obtained in the 1limiting cases
of beam motion along and transverse to the geomagnetic
field. In the general case of the arbitrary direction of
the wave propogation for the longitudinal injection the
derivation of analytical solutions for dispersion
equations are rather difficult. The simply formulas can be
derived fc- e low frequency region w<Qi (Qi is the
ionosphere .un plasma frequency) for Alfven and the
magnetogydrodynamical wave spectrum. At the frequency band
Qi CIRL Qe (Qe is the 1ionosphere electron-cyclotron
f{requency) the ion component of Qhe beam excites the
electron whistlers. One can be concluded from estimations
that the ion beam exicitation for Ar ion beam with 800 eV
energy at the low hybrid frequency is rather effective,
therewith these waves can propogate essentially transverse
to the geomagnetic field.

The comparison of every foreqoing increment
estimations for ion beam enables to draw a conclusion that
fast magnetosonic waves are excited most efficiently when

N .
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the -beam  irjection 'direction 1§ Lransverse to the
geohegnetie  Jield Jas gre lew LySEidl resonance iEtrequernces.
The analysis of whistler modes propogation shows, that

for quasilongitudinal excitation the whistler modes can
propogate to the ground while quasitransverse and
transverse excitation the wave rays are capthred by the
ionosphere wavequide. The estimétion show that the ground
whistler signal reception must be conducted in the region
with the width of “100km, displaced approximately at 100
km from the underneath satellite point to the north.

6. Conclusions.

The injection of the 1ion beam into ionosphere is
accompanied by the complex of radiophysical processes both
in the injector subsystems (circuits, gas discharge, ion
beam) and ionosphere. The qiven estimation for "Arfa”
experiment conductions determine possible spectrum
different wave excitation and aillow to elaborate
mesurement devices and methods as well as methods of
analysis of experimental results.
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