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The transport of particles and heat for transversely accelerated ions in lower hybrid cavities due to drift turbu-
lence is investigated. The transport equations for the conditions of lower hybrid cavities are obtained. It is shown
that the anomalous transport of particles and heat across the geomagnetic field in the lower hybrid cavities is caused
to the scattering of ions by random pulsations of drift turbulence. It was found that the diffusion and thermal diffu-
sion of accelerated ions in the cavity occurs in a time comparable to the time of filling the cavity with the back

ground plasma.
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INTRODUCTION

One of the features of the lower hybrid cavities
(LHC) in plasma of ionosphere, detected by space-
craft,is the presence of transversely accelerated ions
(TAI), whose energies across the magnetic field range
from 2 to 8 eV reaching energies in these tails up to
30 eV [1]. The fraction of TAI is about 10 % of plasma
ions in the cavity, while there is little or no effect upon
the bulk ion temperature, which is few tenths of electron
volts. Several mechanisms have been proposed to ex-
plain the presence of such ions in cavities, which are
reduced to ion acceleration due to their interaction with
the lower hybrid oscillations in the cavity. However in
Ref. [1] notes that no complete, quantitative model of
TAI production in LHC exists.

LHC are fairly stable formations. There are no direct
measurements of the cavity lifetime. However, during
the passage of spacecraft through the cavities (up to
0.1s), no changes in the characteristics of the cavities
were observed. In particular, no changes in the plasma
density, the level of lower-hybrid oscillations, or any
evolution of TAI were detected during this time. This
suggests that the lifetime of the cavities significantly
exceeds 0.1s. Thus the lifetime of the cavity is large
enough, but in the end, because there is no flow of ener-
gy from the outside, all the processes in it should weak-
en, and the cavity itself should disappear.

The possible mechanism leading to the disappear-
ance of the LHC is the plasma diffusion across the
earth's magnetic field towards the center of the cavity
caused by the drift-wave turbulence of plasma in the
LHC. It was shown in Refs. [2, 3], that the lower fre-
quency drift-wave instability and the drift-wave plasma
turbulence in the LHC is caused by the radial in homo-
geneity of the plasma density. Since the cavity has cy-
lindrical symmetry, the analysis of the instability and
the subsequent turbulent state of the plasma was carried
out on the basis of the development and nonlinear inter-
action of small scale cylindrical waves in plasma [4-7].
The characteristic feature of the drift turbulence of
plasma with cylindrical symmetry is the nonlinear in-
stability of drift waves caused by the induced scattering
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of small scale cylindrical waves by ions. In the model of
drift turbulence for slab plasma, where the eigen waves
are the plane sinusoidal waves, energy is transferred
over the wave spectrum from the short-wavelength part
to the long-wavelength part, where only the plasma size
is a limitation. In the case of cylindrical plasma, the

wavelength limitation is determined by the rela-
tionk, p, ~1, where o, =puT./T,. The long-
wavelength part of the oscillation spectrum is nonlinear-
ly unstable.

As a result of anomalous diffusion due to drift turbu-
lence, the depth of the cavity decreases while its size
increases and eventually the cavity disappears [2, 3].

In this work, we study the evolution of the distribu-
tion function of the fraction of TAI. In contrast to bulk
ions, which have a depletion of density at the center of
the cavity, the TAI has a maximum at the center of the
cavity, and the density decreases with increasing radius.
We also assume that the energy of such ions decreases
with radius, and investigate the diffusion and heat
transport processes in this fraction of ions.

1. DISTRIBUTIONS OF BULK AND TAI

In homogeneous magnetized plasma, we consider
the cylindrically symmetric depletion of density, whose
axis coincides with z — directed magnetic field and the
dependence of the plasma density on the radius is in the
form of an inverted Gaussian distribution [2]

n(r)= n{l— aexp(— Zr_rZZB . (1)

The velocity distribution for the components of plasma
is assumed to be Maxwellian. The ion and electron tem-
perature in the cavity does not depend on the radius.
Then the distribution function for the plasma in LHC is

[2
n R? pz V2
F,=——2 —|1-aexp| ——2 | |exp| -2 ——|, (2
el Pl

where the subscript o denotes the bulk ions (i) or elec-
trons (e). We also assume that the cavity is filled with

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2020, Mz 6. Series: Plasma Physics (26), p. 55-58. 55


https://doi.org/10.46813/2020-130-055

ions of much lower density, which have a transverse to
the magnetic field energy much higher than the tem-
perature of the bulk ions (TAI), and whose density has a
Gaussian dependence on the radius. The distribution of
the velocities of such ions is also Maxwellian with a
much higher temperature, which can also depend on the
radius. The distribution function for the TAI is [4]

n, R o v
Fon _(271)3/2 v, p? exp[ 2R} 2p} 2v§]' ®)
The joint distribution function of bulk ions and TAl is
F=F+F,. 4)
We now consider the evolution of the ion distribution
function (4) due to low-frequency drift-wave turbu-
lence, which is caused by the drift instability of the ra-
dially inhomogeneous plasma of the LHC. In Ref. [2],
the excitation of low-frequency drift oscillations in the
LHC was investigated taking into account only bulk
ions, and the effect of TAI was neglected because of
their low density. However, considering the inverse
effect of drift turbulence on the distribution function, we
believe that oscillations affect not only bulk ions, but
also TAI.

2. QUASI-LINEAR EQUATION FOR THE
ION DISTRIBUTION FUNCTION

To analyze the evolution of the ion distribution func-
tion due to drift turbulence, we use the quasi linear
equation for cylindrically symmetric plasma obtained in
Ref. [5], which as applied to low-frequency drift oscilla-
tions has the form

oF ¢€° m
E—m—?%delm(K)w—dx

o Jn(kR)v m oF
RAR @’ (k)+v* w; RER

®)

where F is determined by (4), M s the mass of the
ion, Mis the azimuthal wavenumber, @, is the ion cy-

clotron frequency, @y (k) is a frequency of drift oscilla-
tions inside of LHC [2], v is a frequency of collisions
of ions with turbulent electrostatic fields of drift turbu-
lence, in a state of saturation of drift turbulence

v=7,(k), where 7,(k)is the linear growth rate of
drift instability [2],1,, (K) is the spectral intensity of
small-scale cylindrical waves, J, (k. R)is the Bessel

function. Thus, the evolution of the ion distribution
function in the LHC occurs due to the scattering of ions
by turbulent electrostatic fields of drift turbulence.
Rewrite the equation [5] as
oF 1 0 oF

&t ReR R’

(6)

where
c? m? Jz(kLR)v
D.. =—>Y[dKI_(K)—=—2—-—"—
- B? %'[ m( )Ri2 a)rf](k)+v2

is the diffusion coefficient. In the saturation state of drift
turbulence the diffusion coefficient is [2]

56

cT, p,

L= ™
eB, R,

Now we use the equation [6] to study diffusion and

thermal diffusion of TAI.

3. DIFFUSION OF TAl
Integrating eq. (5) over the velocities, we obtain the
transport equation for the plasma ions in the cavity

& _191p
ot ror “or) (8)

where n=n, +n,, Iis the total density of bulk and TAI.

This equation splits into two equations that are in no
way related to each other. One of these equations de-
scribing the diffusion of volume ions is

%_lg rD. m
ot roarll tor ) ©)

where the initial distribution of the density along the
radius is given by eq.(1). This equation was solved in
[2, 3]. The main result of this study was the dependence
of plasma density in the cavity on the radius and on
time:

n(r.t)=n,|1-

a (2D, )
0 Y exp{zrz[h rz' tj }
[1+ Z,u tJ 0 0 , (10)
rO
where a is the initial depth of the cavity, and the depth
of the cavity, depending on time, is

a

a(t)=m.

(11)
7

Thus, the cavity depth is inversely proportional to time.

The time t, , which corresponds to the change in the

depth of the cavity by k is
(k _1) 2
t, = ry. 12
“ 2p, ° (12)
It has also been estimated, that t, =0.25(k —1) and thus
the cavity disappears in more or about 1 s.

Now we consider the second equation obtained from
(8), the diffusion equation for the TAI

anTAl — EE I’Du anTAI

ot ror or )’
In contrast to the dependence of the density on the radi-
us for bulk ions (1), the TAI density has a Gaussian de-

pendence on the radius

r2
Nral (I’) = Nyrp EXP _K .

Note, that the length of the in homogeneity of the radial
distribution for TAI, r,,, , may differ from the length of

Al Y
the in homogeneity of bulk ionsr, .

The solution to the equation similar to (12) with de-
pendence n(r) (1) is presented in Ref. [3]. Using the

procedure for solving that equation, we obtain the de-
pendence of TAI density in the cavity on the radius and
on time as

(13)

(14)
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The time evolution of the dependence of the TAI densi-
ty in the cavity on the radius is shown in the Fig. 1,
where the TAI densities versus radius are shown for
different moments of time:
t,=0s,t, =0.25s,t, =0.5s,t, =0.75s,t, =1s;  the
parameters of cavity plasma are taken from the works
[2, 3]. Comparing the obtained dependence (15) with
the dependence of the plasma density (10) we conclude
that the diffusion processes of plasma and TAI occur
simultaneously.

4. HEAT TRANSPORT BY TAI

To obtain the equation of heat transport in the cavi-
mv? /2

ty, we multiply the equation (6) by " "iL and inte-
grate over the velocities. We get
%ziﬂ(mu %) (16)
ot ror or

where Wy =Wy, (r) =Ny (r)TTAI (r)v is the energy
density of TAI, T, =mV% /2=mp? /2 is the av-
erage energy of motion of TAI across the magnetic
field. Thus, the eq. (16) describes the transport of the
ion energy density across the magnetic field. In order to
obtain a solution to eq. (16), it is necessary to specify
the initial distribution of the temperature of the TAI
along the radius. Suppose that the temperature distribu-
tion of the TAI along the radius is Gaussian

r2
Tra (I’) =Tora eXp[_Zrz j,
TAI

that is, it corresponds to the dependence of the TAI den-
sity on the radius, (14). In general case, this distribution
can have some other length of in homogeneity however,
to simplify the calculations we have assumed this. Then
the TAI energy density will be as follows

r2
Wi (I’) = Ny Tora eXpL_rTJ'

TAI

a7

(18)

Using the procedure for solving the eq. (16) which pre-
sented in [3], we get

T 2( 4p, )
w(r,t):mexp _rT I+—=t| [.(19)
[1+ 4DiL tj r-TAI r-TAI

2
r-TAI

In order to obtain the dependence of the temperature
distribution of the TAI on time, considering
that Wy, (1t) =np, (r,t)To, (1,t), it is necessary to

divide the energy density (19) by the particle density
(15). We get

[1+ 2D, ?‘L t]
T r‘TAI x

oTAl 7, ~
[1+4|3‘L tj

rTAI

T (1) =
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Fig. 1. The dependence of the TAI density in the cavity
on the radius for different times

The time evolution of the dependence of the TAI densi-
ty in the cavity on the radius is shown in the Figs. 1, 2
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Fig. 2. The dependence of the TAI temperature in the
cavity on the radius for different times

From (20) and Fig. 2 it follows that the cooling of
the TAI in the center of the cavity occurs only to a cer-
tain level. At the same time, the ions are heated away
from the cavity axis, which is caused by the diffusion of
hot ions from the center of the cavity.

CONCLUSIONS

1. In the LHC, solitary structures of the Earth's iono-
sphere, due to the radial in homogeneity of the plasma
density the turbulence of drift waves appears.

2. Drift turbulence leads to anomaly plasma diffu-
sion across the geomagnetic field and filling the cavity.

3. One of the features of the LHC is the presence of
(TAI),which interact with drift turbulence and diffuse
across the magnetic field.

4. Drift turbulence also leads to thermal diffusion of
TAI, as a result of which the ions in the central part of
the cavity are cooled, and heat is transferred to the pe-
riphery of the cavity.

5. Plasma diffusion processes, as well as TAI, occur
in a time comparable to the time of filling the cavity
with the back ground plasma.

6. It is shown that the anomalous transport of parti-
cles and heat across the geomagnetic field in the LHC is
caused to the scattering of ions by random pulsations of
drift turbulence.

57



REFERENCES 5. V.S. Mikhailenko, K.N. Stepanov, D.V. Chibisov.

huck I . . Drift and drift-cyclotron turbulence of a radially varying
1. P.W. Schuck, J.W. Bonnell, P.M. Kintner. A review  ayicummetric plasma // Soviet Journal of Plasma Phy-

of lower hybrid solitary structures // IEEE Trans. Plas- ics. 1991, v. 17, No 10, p. 710-716.
ma Sci. 2003, v. 31, Ne 6, p. 1125-1177. 6. V.S. Mikhailenko, K.N. Stepanov, D.V. Chibisov.

2.N.A. Azarenkov, D.V. Chibisov. Anomalous diffu-on ovciotron turbulence theory of rotating plasmas //
sion of plasma in the lower hybrid cavities observed in Plasma Phys. Control. Fusion. 1992, v. 34, Ne 1, p. 95-
the terrestrial ionosphere // Problems of Atomic Science 177 ' ' ' LT

and Technology. Series «Plasma Physics». 2018, Ne 6, 4 V.S. Mikhailenko, K.N. Stepanov, D.V. Chibisov.

p. 117-120. Drift turbulence of an azimutally symmetric radially

3.N.A. Azarenkov, D.V. Chibisov, N.I. Kovalenko, qnniform plasma // Plasma Phys. Rep. 1995, v. 21,
D.l. Maslennikov. Temporal evolution of the lower hy- Ne 12, p. 141-150.

brid cavities in the ionosphere plasma due to turbulent

diffusion // Problems of Atomic Science and Technolo- Article received 25.09.2020
gy. 2019, Ne 4, p. 27-30.

4.D.V. Chibisov, V.S. Mikhailenko, K.N. Stepanov.

Drift wave turbulence of a radially inhomogeneous

plasma // Phys. Lett. A. 1991, v. 157, p. 141-145.

AHOMAJIbHBIN MEPEHOC HNOIEPEYHO YCKOPEHHBIX MOHOB B HUKHET MBPUIHBIX
MMOJIOCTAX

H.A. A3apenkos, A./l. Quobucos, /I.B. Yuobucos

HccnenoBan nepeHoc 4acTHI U TEIUIA JUTS MONIEPEYHO YCKOPEHHBIX HOHOB B HIDKHETMOPHIHBIX TOJIOCTSIX B PE3YIIb-
TaTe pa3BUTHA ApehoBoi TypOyneHTHOCTH. [loydeHsl ypaBHEHMS TIepeHoca ISl YCIOBHH HIDKHETHOPUAHBIX IIOJIO-
creit. [TokazaHo, YTO aHOMANBHBIN NEPEHOC YACTHIl U TEIlIa MONEPEK T€OMAarHUTHOTO T0JIS B HIDKHETHOPUIHBIX ITOJI0-
CTSIX OOYCIIOBJIEH pacCestHHEM HMOHOB Ha CIyYalHBIX IyJbCamusx ApeldoBOH TypOYIEHTHOCTH. YCTAaHOBJIEHO, YTO
maddys3us u TepMoauddy3usi YCKOPEHHBIX HOHOB B MOJIOCTH NMPOHMCXOAST 3a BPEMsi, CPABHUMOE CO BPEMEHEM 3aIloJ-
HEHUS II0JIOCTU OKPYXKAIOIIECH MIa3MOM.

AHOMAJIBHE IEPEHECEHHS ITIOIIEPEYHO ITPUCKOPEHHUX IOHOB Y HU’)KHBOTI'TBPUJIHUX
IOPOKHUHAX

M.O. Azapenxos, 0./1. Qivicos, /I.B. Hivicos

JloctipKeHO TIepeHeCeHHs YaCTHHOK 1 TeIlIa JUIsl TONePeyHO MPUCKOPEHUX 10HIB € HHKHBOTIOPUIHUX MOPOKHUHAX
y pe3ynbpTati po3BUTKY napetioBoi TypOyneHTHOCTI. OTpHMaHO PiBHAHHS MEPEHOCY M YMOB HHKHBOTIOPUIHUX II0-
poxHuH. [Toka3aHo, 10 aHOMaJIbHE TIEPEHECCHHs YaCTOK 1 TeIlia MOMNepeK reOMarHiTHOro MoJisi B HM)KHBOTIOPUIHHX
MTOPOXKHIHAX 00YMOBJICHE PO3CIIOBAaHHIM i0HIB Ha BUIIAKOBUX MyJbcalisx npetioBoi TypOyneHTHOCTI. BecTaHOBIIEHO,
mo audy3is Ta TepMoaudy3is MPUCKOPSHUX 10HIB Y MOPOXKHUHI BiIOYBAaIOTHCS 3a Yac, MOPIBHAHHHUKA 3 4aCOM 3aIlOB-
HEHHS IIOPOXXHHHHU HABKOJIHIIHBOO [IA3MOIO.
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