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The linear and nonlinear stages of the ion cyclotron instability in plasma of lower hybrid cavities in the Earth's
ionosphere are investigated. Because these structures are cylindrically symmetric, the analysis uses the model,
which considers as elementary perturbations the small-scale cylindrical waves. It is shown that at the nonlinear stage
of instability the suppression of high cyclotron harmonics, as well as short-wavelength part of the spectrum of the
azimuthal wave numbers occurs. The estimate of the rate of ion heating is carried out.
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INTRODUCTION

Lower hybrid cavities (LHC) are the common phe-
nomenon in plasma of the topside ionosphere and mag-
netosphere of the Earth, which were observed in the
auroral zone using sounding rockets at altitudes up to
1000 km [1-3], as well as satellites from 1000 to
35000 km [4 - 6]. LHC are the spatially localized cylin-
drically symmetric structures in plasma, whose axis
coincides with the direction of the geomagnetic field
lines. They are characterized by significantly increased
level of electrostatic lower hybrid oscillations, as well
as depletion of the plasma density in comparison with
the environment. LHC have dimensions across the mag-
netic field from a few meters to several hundred meters
(a few ion Larmor radius) and the dimensions along the
magnetic field, considerably exceeding their transverse
ones. Apart from the increased level of the lower hybrid
oscillations in LHC where also detected the broadband
fluctuations in the low frequency range, including the
ion cyclotron frequency rang, and which in the back-
ground plasma are absent. Here we consider the prob-
lem of the occurrence of these oscillations in LHC. We
assume that the cause of the ion cyclotron oscillations in
the LHC is the inhomogeneity of plasma density in the
cavity across the magnetic field and arising as a result of
this the drift-cyclotron instability of plasma. Because
these structures are cylindrically symmetric, the analysis
of both linear and non-linear stages of instability is
based on the theory using as elementary perturbations
the small-scale cylindrical waves. This theory was de-
veloped earlier in papers [7 - 9] for cylindrically sym-
metric laboratory plasma. We also estimated the rate of
heating of the plasma ions in LHC due to ion cyclotron
turbulence.

1. LINEAR THEORY

In homogeneous magnetized plasma we consider a
cylindrically symmetric cavity whose axis coincides
with the direction of the magnetic field. Assume, that
the plasma density in the cavity determined by the "in-
verted" Gaussian distribution

2
n(r)= no[l— aexp(— ;7]} (1)
0

where n, is the plasma density outside of the cavity; a
is a constant determines the depth of the cavity; r, is
the characteristic length of plasma density inhomogenei-
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ty. This dependence of plasma density in the cavity is
confirmed by satellite measurements [10]. It was found
that a=0.1...04 at altitudes of 600...1000 km,
a=0.1...0.2, at altitudes of 1500...13000 km, and
a=0.02...0.05 at altitudes of 20000...35000 km. Dis-
tribution of the components of the plasma velocity as-
sumed Maxwellian, which is also confirmed by observa-
tions. The equilibrium distribution function for the
components of plasma in this case has the form

n R? p2 v
Fou =—o——| 1-aexp ——2%— | |exp| - ——%—- )
’ (2”)3/2\/%& [ [ ZRga ]] [ 2p'lgaz 2v Ta]

where the superscript « denotes ions (i) or electrons
(e); R,, p, and v,, are the radial coordinate of the

guiding center; Larmor radius and velocity along the
magnetic field of the particles correspondingly; R,, is

the characteristic size of the inhomogeneity of the radial
distribution of the guiding centers of particles;
Pro =V, /@, s the thermal Larmor radius; v, is the

thermal velocity; w_, is the cyclotron frequency. Plas-

Ca
ma is assumed to slightly inhomogeneous, with

R,, > p;, Which also gives Ry =Ry = I. Observa-

tions have shown that the temperature of ions and elec-
trons in the cavities exceeds the background plasma
temperature due to lower hybrid oscillations; it means
that the temperatures of the components within the
plasma cavity are inhomogeneous and decrease with
increasing of radius. Therefore, supposing dependence
i (R, ) an arbitrary, we can assume that inequality

Vpr, <0 is met.

For the analysis of ion cyclotron instability in the
cavity, we use the dispersion relation describing the
linear stage of the small-scale ion cyclotron plasma in-
stability in cylindrically symmetric plasma with arbi-
trary dependence on the radius of the density and tem-
perature of the plasma components which was obtained
in Ref. [9]:

e(K,,1)=1+ {l+|\/_|e\/£’W\E:z)) (kf 28)
2 2 )

xexp(—klpTe)] {1+|\/_Z| e T.( )
><In(kLpTi)exp(_ kf zi)zo, 3)
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na =(a)—na)ca )/\/EszTa v fg = |m|/kJ_ , mis
the azimuthal wave number, k, and k, are the wave
numbers across and along the magnetic field, A, is the
Debye length, 1,(x) is the modified Bessel function,

where z

W(z): [1+—Ie52d§], the operator fa is equal

e

to

2
(M + Mo ply [ dINng(r) dT, d m
10} k rdr rdr dT,, r

Equation (3) determines in the small-scale asymptot-
ic limit k, Ry, >m|>1 the dispersion properties of the
spatially inhomogeneous waves structures — cylindrical
waves which analytically expressed by Bessel functions
Jm (K, r). The dependence of the plasma density (1) as

well as temperature on the radial coordinate r in equa-
tion (3) is transformed in the depending on the value

r, =|m|/k, that corresponds to the radial coordinate of
the first maximum of the Bessel function for which eq.
(3) is written, i.e. the coordinate of the point where the

oscillating and non-oscillating parts of this function are
separated. Assume that the waves propagate almost

across the magnetic field, so that |z,|>1 and Landau
damping by ions can be neglected, however for elec-
trons |ze0|<1. Using the corresponding asymptotic

l, =1-

forms for the W(z) function, and assuming that the
wave numbers k, satisfy the condition k, p, >1, we
write the equation (3) for one of the cyclotron harmonic
o = nay, +dw, (k):

¢(K, o, RO):1+ﬁ{1+i\/;a)—ma)e*(l—ne/2)]
De

\/EszTe
—(m+n)w.(l-n/2
+ 212 1_60 ( + )a), ( ’7I/ ) :0’ (5)
kA5, N27k, prdw
where
rs2
wa* = a)ca 2(1 d In nO (rS) ca pTa ae fg << wca

3
is the drift frequency, 7, =dInT,(r)/dInn,(r) with
. <0. In the dispersion relation (5) as in eq. (3) tem-

perature and density of plasma components are deter-
mined at the radius r, =|m|/k, corresponding to the
first maximum of the cylindrical wave J.,(k,r).

The dispersion &, (k) and growth rate obtained
fromeq. (5) are

S (k) =

N

N L O P e

7. (K) ~ IT ﬂf’v [m“’ [1_77_25]_1}5%('()_ ©)

The instability occurs due to inverse Landau damp-
ing by electrons because of their thermal motion along
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the magnetic field. We now determine from (6), (7) the
range of azimuthal wave numbers for unstable oscilla-
tions. Because in the cavity Vny(r) >0, then the drift
frequencies satisfy the inequalities @ <0 and
> 0. In this case, the growth rate is positive and
instability occurs when the azimuthal wave number sat-
isfies the inequality
L (8)
j@e|2~ 7. 12)

Obviously, for weakly inhomogeneous plasma the
inequality

m<-my =-—

r2

2 2
n-r—‘zr+ero >>1 9)
Te apri(l-1.12)
holds and the applicability of small-scale approximation
is provided. In addition, we verify the validity for the

assumption k o, >1:

My, ~

PTi . LT i fo

01~

fo o Teapi(l-7./2)
The last inequality for the parameters of LHC holds.

Note that the scale of oscillations depends not only on

the ratio ry/py; but on the depth of the cavity a.

Wavelengths are smaller, the smaller the depth of the
cavity.

K, pry =k, 1, 21 " >1.(10)

2. NONLINEAR THEORY

Nonlinear evolution of ion cyclotron instability at
the first stage is determined by the induced scattering of
cylindrical waves by ions. The equation for the spectral
intensity 1,,(k) of cylindrical waves describes this pro-

cess for the ion cyclotron instability has the form [9]:

288 )+ T (), @)

where T, (k) is the nonlinear decrement:

oR
(k)= [ﬁ} _[dkl m (k) (kj_vm|k_leml)
m

cmU;m, on (Kl mn, (). (12)

Here ¢ is given by eq. (5), B(kL,m|kl1,m1) is the

coefficient of nonlinear interaction of cylindrical waves
[7,8]:

— 1 K <cmg-md?
amfcosag|ky 10
B(kL,m|ku,m1): O(m 2/3) My —mie <m <my  (13)
O(m’z) m, > myg,
where my, =mk,, /k,, cos’ay=1-13/r7, fg =|my|/ky, ;

ImU; is the matrix element of induced scattering of
waves by ions equals
2

%e—zklkupﬁ (0052 ag Ink | pri +O(1))
k“Agi T

|mUiz—
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3

x 2(5%{(“ ~ny)-(m- ml)z_i(l_%ﬂ

LY
x 8(6w — 5y ), (14)
where a)i*z:—cocipTzi(dInno(r)/rdr)‘r:rh, s = |My|/K 5.
Value r,, is equal to the radial coordinate of the first
maximum of the cylindrical beat wave for the waves
Jm(k r) and Jp, (kp; r). The beat wave has the wave
numbers determined by

m,=m-my, k3 =k?+kZ —2k ki, cos(%—aoj;

—Kk2 k2 —2k2 ™ (15)
m

Induced scattering of cylindrical waves has charac-
teristic distinction from a similar process of plane
waves. In the case of plane waves to obtain the equation
describing the nonlinear evolution of the spectral inten-

sity 1(k,) of the wave-interaction partners, it is suffi-
cient to replace
kek, ok)eao(k,) (16)

and take into account the basic properties of the sym-
metry of the matrix elements. In this case the appear-
ance of non-linear increment in the equation for the

spectral intensity I(k) is accompanied by the appear-
ance of symmetric nonlinear decrement in the equation
for 1(k,) and vice versa. In the case of cylindrical
short-waves in the derivation of equation for I, (k;) in
addition to replacements (16) should also take into ac-
count the relation (13) as well as inequality cos? g <1
or ng <r,. Their accounting leads to an asymmetric
response Ik, 1)
Jml(kur) , which reduce the nonlinear decrement in the

influence of wave to wave

equation for I, (k)in |m|>>1 times. Thus, the pro-

cess of induced scattering of short cylindrical waves is
asymmetric. This asymmetry of the nonlinear interac-
tion of cylindrical waves leads to the appearance of for-
bidden and permitted intervals of azimuthal wave num-
bers m, affecting on the wave with azimuthal wave
number m, that significantly affects on the evolution of
instability.

Now we consider the effect of induced scattering of
cylindrical waves on the ion cyclotron instability with
the parameters of LHC, when conditions Vn, >0,

n. <0, 1, <0 are met. Proportionality of the matrix

element (14) to & -function determines the transverse
wave numbers of the interacting cylindrical waves:
n/k, =n;/ky, . Inits turn the requirement r <r, de-

termines the limit on the azimuthal wave numbers m;:
Imy|/n, <|m|/n. Taking into account the inequality (8)
we obtain permitted interval for these wave numbers:

m<m1<—m01<0. an
n
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For azimuthal wave numbers determined by (9) and
(17) the first term in the square brackets of eq. (14) is
greater than the second one in T,/T; times and at the

first phase of the nonlinear evolution of the oscillation
spectrum the main process is the interaction of different
cyclotron harmonics with nag # nag . As a result at
the energy density fluctuations
W = ngT; (T, /T,)(k, pr;)™* the high-frequency part of
the spectrum of the drift-cyclotron instability is sup-
pressed; so that only main cyclotron harmonic with
n=1 remains (see also [11]).

At the second phase of the nonlinear evolution of
spectrum, when the first term in the square brackets
vanishes, a nonlinear interaction of waves with different
values of the azimuthal wave numbers becomes the
main. Taking into account inequality m<m, <0 we

obtain for nonlinear decrement T, (k)oc Z(m -m,)<0.
m,<m
This leads to damping of shorter wave J,,(k, r) com-

pared with Jml(kur) wave, and ultimately to the sup-

pression of the short-wavelength part of the azimuthal
wave numbers spectrum. As a result the narrow part of
the spectrum near the boundary value m=-my (9)

remains. Simultaneously the evolution of the spectrum
of the transverse wave numbers k, does not occur so

that the frequency spectrum near the fundamental har-
monic of the ion cyclotron frequency, which is deter-
mined by the dispersion (6), does not change.

The second stage of the evolution of the drift-
cyclotron instability is determined by the scattering of
particles in the random fluctuations of the electric field
drift-cyclotron turbulence (broadening of the resonance)
[12, 13]. At this phase the saturation of growing fluctua-
tions at the level [8]:

w1 ~[TeapTiJ4
T (kop)t (T 1o

The ion cyclotron turbulence in the LHC leads to
additional turbulent heating of the plasma ions. To de-
termine the rate of heating we use the results of [14],
where was estimated the rate of quasi-linear change of
the thermal Larmor radius, resulting from collisions
with turbulent fluctuations of the electrostatic fields:

_ 5

VN T Y 1(&%} )
ot Te (k N pTi) T.\Ti r

Characteristic time of variation of the thermal Lar-

mor radius due to ion cyclotron turbulence is of the or-
der of

(18)

5
7, ~ il[kﬁ} _ (20)
oG Te Ty Ry

The rate of heating of the ions due to ion cyclotron
turbulence is much less than the ion cyclotron frequen-
cy, and therefore the contribution of the ion cyclotron
heating compared with the lower-hybrid heating is in-

significant.
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HOHHAS HUKJIOTPOHHAS TYPBYJEHTHOCTbD IIJIA3MbI HUKHET'MBPUIHBIX [TOJJOCTEN
3EMHO MOHOC®EPBI

J.B. Hubucoes
Hccnenytores nuHeiiHas U HEJIMHEHHAs CTaAMM MOHHOM LUKJIOTPOHHOW HEYCTOWYMBOCTU B IJIa3ME HUKHETH-
OpUIHBIX TMOJIOCTeH 3eMHON MoHOC(hepsl. [T0CKONBKY Takue CTPYKTYPhI UMCHOT IMIHHIPUYECCKYIO CHMMETPHIO,
aHaJu3 MPOBOJUTCS Ha OCHOBE MOJIENH, pacCMATPUBAIOLIEH B KAa4ECTBE JIEMEHTAPHBIX BO3MYIICHUN MEJIKOMAac-
MITaOHBIC MIMHAPUICCKHE BOJNHBL [10Ka3aHOo, YTO HA HETMHEWHOW CTAJNU HEYCTOWYMBOCTH MIPOUCXOIAT TOAABIIC-
HUS BBICOKUX IIUKJIOTPOHHBIX TAPMOHMK, @ TaKX€ KOPOTKOBOJHOBOM YaCTH CHEKTpPa a3MMYTAJbHBIX BOJHOBBIX Y-
cell. BolnosHeHa oLeHKa CKOPOCTH HarpeBa UOHOB.

IOHHA IUKJIOTPOHHA TYPBYJIEHTHICTbD IIVTASMHA HNKHBOT'TBPUAHUX ITOPOKHUH
3EMHOI IOHOC®EPH

JI.B. Yioicoe

JocmimKyoThCs JTiHIHHA Ta HENiHIHHA CTajii 10HHOI IMKJIOTPOHHOI HECTIHKOCTI B IIa3Mi HIYKHBOTIOPHUIHUX
MTOPOKHUH 3eMHO1 i0HOC(epHr. OCKIIBKHN TakKi CTPYKTYPH MAlOTh IUIIHAPUYHY CHMETPIIo, aHalli3 MPOBOIUTHCS Ha
OCHOBI MOJIENi, IO PO3TJANAE B AKOCTI eIeMeHTapHHUX 30ypeHs apiOHoMacmTabHI muminapudHi xBuii. [Tokaszano,
10 Ha HEJIHIMHIA cTamil HeCTIMKOCTI BinOYyBarOThCS MPUTHIYCHHS BUCOKHAX IIUKIOTPOHHUX TapMOHIK, a TAKOX KO-
POTKOXBHJIbOBOI YACTHHHU CHEKTPA a3UMYTAIbHUX XBHJIBOBHX YUceNl. BUKOHAHO OIHKY IIBHIKOCTI HArpiBy iOHIB.
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