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The problem of the disappearance of the lower hybrid cavities, which are observed in the terrestrial ionosphere,
is considered. As a possible mechanism which leads to the disappearance of the cavities the anomalous diffusion of
plasma, which occurs due to a drift turbulence of plasma is considered. The frequency and the characteristic time of
development of the drift instability in the cavity, the saturation level of the instability and the anomalous diffusion
coefficient of plasma in the cavity are obtained. The cavity lifetime is also estimated, which can be greater or about

1 second.
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INTRODUCTION

In the plasma of terrestrial ionosphere the axially
symmetric regions elongated along the geomagnetic
field are observed, which are characterized by a reduced
density of plasma in comparison with the environment
as well as an increased level of oscillations in the range
of the lower hybrid frequency [1]. Such regions called
the lower hybrid cavities (LHC) and another name is the
lower hybrid solitary structures (LHSS), have transverse
dimensions of a few to many thermal ion gyroradii usu-
ally from tens to hundreds of meters. The registration
and measurements of the LHC are carried out by satel-
lites as well as sounding rockets, and it occurs only
when they pass through these structures. Because of the
relatively small transverse dimensions of LHC and the
high velocities of the spacecraft, the time of measure-
ment is up to tens of milliseconds. However during this
time the cavity does not change significantly, which
indicates that LHC is sufficiently stable formation. Alt-
hough there are a number of works on the explanation
of this phenomenon which are given in the review [1],
the mechanisms for occurrence of LHC, as well as their
stability, are not completely clear. There are also no
estimates of the time of their existence and the explana-
tions of their disappearance.

This paper is devoted to the problem of disappear-
ance of LHC. As a possible mechanism for the disap-
pearance of LHC we consider the anomalous diffusion
of inhomogeneous plasma across the magnetic field. It
is known that in magnetized plasma the excitation of
various instabilities due to the radial inhomogeneity of
the plasma density is possible. One of them is the drift
lower hybrid instability due to which an increased level
of low hybrid oscillations in the LHC is believed to oc-
cur [1]. In addition, it is possible the excitation of a drift
instability with a frequency much less than the ion cy-
clotron frequency, which can lead to the lower frequen-
cy drift turbulence of plasma. In turn, due to the drift
turbulence, an anomalous diffusion of plasma across the
magnetic field occurs, which should lead to the filling of
the LHC with plasma and its disappearance. Since the
cavities have axial symmetry, then an analysis of the
development of turbulence as well as diffusion process-
es in plasma of LHC in the present work is considered
using the model of small-scale cylindrical waves [2-5].

We considered the linear as well as the nonlinear stages
ISSN 1562-6016. BAHT. 2018. Ne6(118)

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2018, Ne 6. Series: Plasma Physics (118), p. 117-120.

of drift instability for cavities conditions, found the lev-
el of turbulence in the LHC, and also obtained the diffu-
sion coefficient of plasma and solved the diffusion
equation for given initial conditions. We also estimated
the lifetime of the cavity.

1. DRIFT WAVE TURBULENCE IN THE
LOWER HYBRID CAVITIES

In homogeneous magnetized plasma, we consider
the axially symmetric cavity whose axis coincides with
z — directed magnetic field and the dependence of the
plasma density on the radius as follows

n(r)= no[l— aexp[— zr—:zJ] : 1)

which is the "inverse" Gaussian distribution. In (1) n,
is the plasma density in the environment, a is the con-
stant which determines the depth of the cavity, r, is the
length of the plasma density inhomogeneity. Note that
the dependence (1) was obtained by satellite measure-
ments [1]. The measurements showed that the magni-
tude of a wvaries up to 0.4, at altitudes of
600...1000 km, is up to 0.2 at altitudes of
1500...13000 km and does not exceed 0.05 at altitudes

of 20000...35000 km. The velocity distribution for the
components of plasma is assumed to be Maxwellian,
which is confirmed by observations. The distribution
function for the plasma in this case is [6]

n R2 P
Foy = —o——| 1—aexp| - —2— | [exp| -—%———2— 1|, (2)
: (zzzf“v%a[ & ]] S

where the subscript « 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 length
of the inhomogeneity of the radial distribution of the
guiding centers of particles, o;, =V;,/®,, is the ther-
mal Larmor radius v;, is the thermal velocity, e, is

the cyclotron frequency. Plasma is assumed to slightly
inhomogeneous, so that the inequality R, > p;, holds.

The last condition yield Ry Ry, = 1 .

Measurements have shown that the temperature of
the plasma components in the cavities exceeds their
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temperature in the environment which is due to lower
hybrid oscillations; in fact, it means that the tempera-
tures of the electrons and ions inside the plasma cavity
decrease with increasing of radius. Then assuming the
dependence p;,(r,) an arbitrary, we are sure that ine-

quality Vp;, <0 hold.

For the analysis of drift instability in the cavity, we
use the dispersion relation for the linear stage of the
small-scale, k r)[m|>>1, low-frequency, o <<ay,
oscillations in axially-symmetric plasma with arbitrary
dependence of the density and temperature of the plas-
ma components on the radius, which was obtained in

[5]:
8<k,a), r )=

1 o,
1+ mr—)[kf pri + - ki pr
Di \" f
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Here k,, m and k, are the transverse, azimuthal and
longitudinal wave numbers, respectively, k = (k,,k,),
n, =dInT (r;)/dInn,(r;), T, is the temperature, A,,
is the Debye length,

dinn(r
a)a* = a)cap'?a I’dr( )

r=r¢
is the drift frequency. For distribution of the plasma
density in the cavity (1), we obtain approximately

A
f
a,, = aw,, 2“ expl ——
s 2r,

with the fulfillment of inequality |a,.

Addi-
k. pon <1, are

@
tionally in (3) the assumptions T, >T;,
made.

Equation (3) determines in the short wavelength as-

ymptotic limit k, r,[m| >>1 the dispersion properties of

cylindrical waves analytically expressed by the Bessel
functions J, (k, r) . The values of the plasma parame-

ters in Eq. (3) are determined at the point r, =|m|/k,

which is approximately the radial coordinate of the first
maximum of the Bessel function, for which this equa-
tion is written. The solution of the equation (3) yield the
frequency and the growth rate of the drift oscillations in
LHC

1- kLpTI (1+ Ui )

K)=mao,. , 4
oull)=ma, 108 @
Jrz exp!—z )
k — e0
7alk)=en (k)75 (5)
where p2 = p2(T,/T,), 2, = o, (k) \2k, vy, . We note

that the increase in the drift oscillations does not depend
on the sign of the density gradient and is due the Che-
renkov interaction of resonant electrons with drift
waves. Considering also that under the conditions of the
cavity the inequalities Vo, <0, Vn>0 hold we have
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n; <0. Assuming also that the lengths of the inhomo-
geneity of the plasma density and the ion temperature
are approximately equal, we get 7, ~-1, so the fre-

quency of the drift oscillations in LHC is
M@,
w,(K)=—"F- . 6
-t ©
Let us estimate the value of the frequency of the
drift oscillations (6) which are excited in the lower hy-
brid cavities. At a height of up to 1000 the main ion
component is the singly ionized oxygen, which here
amounts to 90 %. The ion cyclotron frequency of oxy-
gen ions is approximately 34 Hz, the ratio r,/ o, =3,
a=0.4. In this case, the frequency of the drift oscilla-
tions is of the order of 3...4 Hz. A similar estimate of
the drift frequency at altitudes of 1500...2000 km,
where the main ion component is protons, is of the order
of 8 Hz. we now evaluate the instability development
time t,, , which is equal to y,(k). For the given plas-
ma parameters in the cavity we obtain tinst ~0.5...1.5 s.
Nonlinear evolution of the drift instability in the
cavity is determined by the induced scattering of cylin-
drical waves by ions [2-5]. The kinetic equation for the
spectral intensity Im(k) of small-scale cylindrical waves
in plasma with arbitrary dependences on the radius of
density and temperature is [5]:
10, (k
280k, @
where T, (k) is the nonlinear growth rate of drift waves

(k) [6R85J2Jdkllml )8k, mk ., m,)

s 1mU; k., (g, My, (k) @)

In (6) the value ¢ is given by (3), B(kl,m|kl1,m1) is
the factor of nonlinear interaction of cylindrical waves
[2-4]

_1 K , M, <my, —mie
amlcosa,| k

B(kl,m|ku,m1)= O(m‘2/3), My, — Mg <m, <my,

O(m’z), m, > my,

where mg =mk,/k,, cos’ oy =1-1] /17, 1 =|my|/ky;
ImU; is the matrix element of the induced scattering of
drift waves by ions which is equal to

m, —mw,.\r
Vs (k k, T.)Z( 1 |(f2)

ImU, zkz—ﬂéi'ﬂz () cos® a, x
X 5(5% (kL ) = O, (ku))’ 9)
where [5]

@ dl:dnr( )[ (k2 + k2 )2 1+ 7,)

o.(r,)=

ri, =|m,|/k,, is the coordinate of the first maximum of

a cylindrical “beat wave” of two cylindrical waves with
wave numbers (k,,m) and (k,,m,). The wave num-

bers of the beat wave are determined by [2-4]

r=r¢op
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m, =m—m,, k,, = k% — 2k k ;sina, +k? .
In cavity conditions when (1) hold, we have approxi-

mately
(r ) a a ex iz
Wi ~aw; — -— |
i f2 ci rO2 p 2r02
Apply the equation (7) for the analysis of the nonlin-
ear stage of drift turbulence in the conditions of the
lower hybrid cavities. First by using the condition
o, (k, )=, (k) we determine the radial wave num-

m

ber k,, of the cylindrical wave J (k,,r) interacting

with the wave J,(k,r):

m,

m
ki 2+ —kipl -1, (10)

Using (10) we get for cos’ e,

m, —m 2 2)
s m-mk?ot).
11Fs

The requirement cos’ o, >0 leads to systems of ine-

cos’a, =

qualities
m>m,,
) 5 (1)
m < mk; p;
or
m<m,
) (12)
m>mkip;.
The system (11) has a solution when k?p? >1:
m
@ <m <m. (13)

In this case, only long waves J, (k,,r) with azimuthal

wave numbers m, <m interact with the wave J_(k,r).

Then the nonlinear growth rate in equation (7), which is

proportional to the sum T, (k)oc Z(ml—m), is nega-
my

tive and the wave J_(k,r) turns out to be nonlinearly

damped. Thus in LHC the part of the drift oscillating

spectrum with k?p? >1 damped nonlinearly and disap-

pears finally.

The system (12) has a solution for the long wave-

length part of the spectrum when kZp? <1:

m
m<m1<ﬁ.
1Fs

In this case the wave J,(k,r) interact only with the
shorter waves J,, (k,r) for which m, >m. Then the non-

(14)

linear growth rate T, (k) " (m, —m), is positive and
my
the wave J,(k,r) grows nonlinearly. The saturation

analysis of the drift turbulence in LHC at k’pZ <1 re-

quires going beyond the frame of weak turbulence theo-
ry. However, in [3], the saturation level of the drift tur-
bulence is estimated in the case of a homogeneous tem-
perature distribution and the Gaussian dependence of
the plasma density on the radius
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We believe that this level of saturation is also reached

for LHC.

2. ANOMALOUS DIFFUSION OF PLASMA
IN THE LOWER HYBRID CAVITIES

As a result of the drift turbulence, a change in the
averaged distribution function of plasma components
occurs in the cavity plasma. The evolution of the distri-
bution function of electrons is governed by the quasilin-
ear equation [3]

2
Feo _ £ [k (K)o, () oy, ){ﬂii ;

at o, R, R,
+kzi J2(k,R, ﬂiﬁﬂ(z@ . (16)
8\/1 a)Ce Re 6Re a\/Z

Integrating (16) with respect to p, and v,, and also

considering that R, =~ r, we obtain the diffusion equa-

tion for resonant electrons
on,

_=12 rDeL% ,
ot ror or

B C2 m2 2 7m(k)
DeJ_ —B—gzmlj-dkr—sz(kLRe)lm(k)wni(k)

is the electron diffusion coefficient across the magnetic
field. For the level of turbulence (15) we have

D = Cle Zeps

“ eB, T,

For the most rapidly growing part of the instability
spectrum, we have z, ~1. The diffusion of ions across
the magnetic field occurs as a result of ion scattering by
random pulsations of the electric field of drift turbu-
lence [3]. The evolution of the ion distribution function
is determined by the equation
% = li rDu %
ot ror or

with the diffusion coefficient D;, which equal to the
electron diffusion coefficient (18) D,, =D, =D,, so
that the diffusion is ambipolar. The equations (17) and
(19) give diffusion of plasma in the direction of the cen-
ter of cavity, since the plasma density increases from the
center.

The solution of the diffusion equation (17) or (19)
with initial condition (1) is

o(r.1)= no[l— s exp(— zrgiz (t)n 20)

2D
Lt

r0
Equation (20) shows that the cavity depth a(t) decreas-
es with time as

an

where

(18)

(19)

where

Gz(t)=1+
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-1

alt)= a[1+ 2[} tJ : (21)
r-0

In addition to decreasing the depth of the cavity, an in-

crease in the transverse dimension of the cavity occurs,

the mean square root of the cavity is determined by

ro(t)=r, 1+ 2Dzit :
rO

Now we evaluate the time of change in the cavity depth
by k times. Equating (21) to a/k we get

t = (k _1)r02

"~ 2D,
Respectively, transverse dimension of the cavity in-
creases by JK times. Substitution of the diffusion coef-
ficient (18) yields

(k —1)r2eB,
2cT, p, '
For the parameters of cavities in the ionosphere

ro/ps, ro ~ 50m, Bo ~ 0.2Gs, T ~ 0.3eV and as-

suming that the depth of the cavity decreases, for ex-

ample, by 10 times, that is k =10, we have tjo ~ 10

3s. A comparison of the time of change in the depth of

the cavity and the time of development of the drift

instability, tinst ~0.5...1.5 s, shows that the lifetime t,

of the cavity is determined basically by the time of

development of the drift instability in the cavit
that istix~0.5...1.5s.

CONCLUSIONS

Radial inhomogeneity of the plasma density and
temperature in the plasma of LHC leads to the devel-
opment of the drift instability and drift turbulence of
plasma in the cavity. In turn, drift turbulence causes an

K (22)

anomalous diffusion of the plasma across the magnetic
field, which leads to the disappearance of the cavity.

It was found that the time of anomalous plasma
transport across the magnetic field is much smaller than
the characteristic time of the development of the drift
instability, so that the lifetime of the cavity is deter-
mined by the growth rate of the instability, which is of
the order of or more than 1 s.
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AHOMAJIBHAS JTU®®Y3USI IIJTA3BMbI B HUKHET UBPUIHBIX MTOJIOCTSX, HABJIOJAEMbBIX
B 3EMHOW UOHOC®EPE

H.A. A3apenkos, /I.B.Qubucos

PaccmoTpena mpobiieMa HCUE3HOBEHUST HUKHETHOPHUIHBIX MTOJIOCTEH, HAOMI0IaeMbIX B 3eMHOU noHocdepe. B kaue-
CTBE BO3MOXKHOT'O MEXaHHM3Ma, MPUBOJAIIEIO K MCYC3HOBCHHIO IMOJIOCTEH, paccMaTpuBaeTcsi aHoMasbHas audQys3us
IUTa3MBbI, BOSHHKAIOMAs W3-3a e€ npeidoBoil TypOyneHTHOCTH. [lomydeHBl YacToTa W XapaKTEpHOE BPEeMs pa3BHTHUS
npeiioBoii HEYCTOWYUBOCTH B TIOJIOCTH, YPOBSHD HACKHIIICHUS HEYCTOWINBOCTH U KO3(D(UIMEHT aHOMabHOU Tuddy3un
IUTa3MBI B ITOJIOCTH. TaKke OIEHUBACTCS BPEMS JKI3HH TIOJIOCTH, KOTOPOE MOXKET COCTABIISATh OOJIBIIIE MK Topsiaka 1 c.

AHOMAJIBHA TU®Y3IA ITA3SMU B HKHBOTTBPUIHUX MOPOXKHUHAX,
IO CHOCTEPITAIOTBCA B 3EMHIN IOHOC®EPI

M.O. Azapenxos, /1.B. Hiodicos

Po3risiHyTO npo0iieMy 3HMKHEHHSI HYDKHBOTIOPHIHUX TIOPOYKHUH, SIKi CHOCTEPIraloThCsl B 3eMHiit ioHocdepi. B siko-
CTi MOXKJIIBOTO MEXaHi3MY, SKHH MPU3BOAUTH JI0 3HUKHEHHS MOPOXXHWH, PO3TILIIAEThCS aHOMaIbHA TUQY3isd IUTa3MH,
10 BUHUKAE BHACHIAOK ii npeiidoBoi TypOyneHTHOCTI. OTpUMaHO Y9acTOTy 1 XapaKTepHUI Yac pPO3BUTKY ApendhoBoi
HECTIMKOCTI B NMOPOXKHUHI, piBeHb HACHUEHHSI HECTIHKOCTI 1 KoedimieHT aHOManbHOI Audy3ii mIa3Mu B MOPOXKHUHI.
TakoXk OLIHIOETHCS Yac XKUTTSI MOPOXKHUHU, SIKMH MOKEe CTAaHOBUTH Oijibliie abo mopsinky 1 c.
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