BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukay, sun. 31, 2019. c. 54-58

PACS: 52.35.Qz, 52.35.Ra, 94.20.wf
UDC: 533.9

Drift wave turbulence and anomalous plasma diffusion in lower hybrid
cavities observed in the ionosphere

D.V. Chibisov

Physics Department, V.N. Karazin Kharkiv National University, Svobody sg. 4, 61022 Kharkiv, Ukraine
dmitriychibisov@karazin.ua

ORCID: 0000-0002-6154-9772
DOI:10.26565/2222-5617-2019-31-08

In plasma of the Earth’s upper ionosphere, regions with a depleted plasma density and an increased level of oscillations with
a lower hybrid frequency compared to the environment were found. It was established that such plasma density cavities have
cylindrical symmetry and are elongated along the geomagnetic field, so that the longitudinal dimensions significantly exceed the
transverse ones. Such structures, called lower hybrid cavities, are quite stable, so that during the passage through them spacecraft do
not observe significant changes in the parameters of the cavities. Thus, the nature of the change in cavities over time remains unclear.
In this paper, we theoretically investigate the temporal evolution of a cavity in plasma of ionosphere. Since depletion of the plasma
density is a cylindrically symmetric region, it creates a radial inhomogeneity in the plasma. In turn, the inhomogeneity of plasma
leads to the development of low-frequency drift instability and a turbulent state of plasma. The anomalous plasma diffusion across
the geomagnetic field resulting from the development of turbulence of drift waves of inhomogeneous plasma is considered as a
mechanism for changing the cavity. In this paper the equation of plasma diffusion in cavity is solved, where the initial radial
distribution of plasma density is the upside-down Gaussian. Plasma diffusion occurs radially towards the center, since the plasma
density increases with increasing radial coordinate. Obtained solution of the diffusion equation gives the rate of decrease in the depth
of cavity. In addition to reducing the depth of the cavity, its expansion also occurs, however, the expansion of the cavity is slower
than the decrease in depth. The paper gives plots of the plasma density distribution over the radius for several time values, which
show the temporal evolution of the cavity. These dependences show that in a time of the order of 1 second the cavity changes
significantly, but does not completely disappear.
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TypOyneHTHICTh Apeli(POoBUX XBUIIb 1 aHOMaJIbHA TU(Y3is TJIa3MU B

HIKHBOT10pHUITHUX MOPOKHHUHAX, 1110 CIIOCTEPIratoThCs B 3eMHiH 10HOChepi
J1.B. HiGicos

Xapxiscokuti nayionanvHutl yisepcumem imeni B.H. Kapasina, m. Ceéo6o0u 4, 61022, Xapxkie, Yrpaina

B ruta3mi BepxHboi ioHOChepu 3emuti Oynu BusiBiIeHi o0macTi 3 30iIHEHOIO HIIIBHICTIO IUIA3MM 1 MiIBHIIEHHM piBHEM B
MOPiBHSAHHI 3 HABKOJIMIITHIM CEPEIOBUIIIEM KOJIMBaHb 3 HIKHBOTIOPHIHOO YaCTOTO!0. BCTaHOBIECHO, 1110 TaKi MOPOXKHUHU MIITBHOCTI
IJIa3MH MAlOTh IWIHAPUYHY CHMETPII0 1 BHUTATHYTI Y3[OBX T'€OMAarHiTHOro IOJIs, TaK IO IO3JOBXKHI PO3MIpH 3HAYHO
MIEPEBUIYIOTh MornepedHi. Taki CTpYKTypH Ha3BaHI HIDKHBOTIOPUAHUME NOPOKHUHAMH, JOCHTH CTiHKi, TaK IO MPHU IPOXOKEHHI
4yepe3 HUX KOCMIuHi amapaTé He CHOCTEePIraloTh 3HAYHHUX 3MiH MapaMeTpiB NOPOXHHUH. TaKMM YHHOM, XapakTep 3MiHH MOPOXKHUH 3
IUIMHOM 4Yacy 3aJIMIIAEThCsl HEICHUM. B Wil cTaTrTi MM TEOPETHYHO OCITI/PKYEMO YacOBY EBOJIOLII0 MOPOXXKHMHHM B IUIa3Mi
ionocdepr. Ockinbkd 30iJHEHHS MIIBHOCTI IDIa3MH € KWIHIPUIHO-CUMETPHYHOI0 O00JAacTIO, BOHO CTBOPIOE pajiallbHy
HEOJTHOPIAHICT, B IUIa3Mi. Y CBOIO 4Yepry, HEOJHOPITHICTh IUIa3MH MPHU3BOAWTH O PO3BHTKY HHU3bKOYACTOTHOI Apei(oBoi
HECTIHKOCTI 1 TypOyJIEHTHOTO CTaHy IUIa3MH. AHOMasibHa JH(Y3is IUIa3MH MONEPEK FeOMarHiTHOTO IOJsl B Pe3YNIbTaTi PO3BUTKY
TypOy/IeHTHOCTI Jpeii(OBUii XBHIb HEOJHOPIAHOI IUIa3MH PO3IIISIAETHCSA SK MEXaHi3M 3MIHM MOPOKHHMHH. Y JaHiii poOoTi
BUPILIYEThCS PIBHAHHA AUQY3il M1a3Mu B MOPOXHUHI, [ TIOYATKOBE paiajbHUK PO3MOIIT IIUTBHOCTI IUIA3MH € MEPeBEPHYTHM
raycoBuM. Judysis mmasmu BimOyBaeThcs pafialbHO IO IEHTPA, OCKUIBKH IIUTBHICTH TUIa3MH 30UTBLIYETHCS 31 301IBIICHHAM
panianpHOi koopauHatH. OTpHUMaHME pO3B’S30K pIBHAHHA AuQy3ii mae MBHAKICTs 3MEHIICHHS NIMOMHH NOpOXKHWHH. Kpim
3MEHIICHHS TITHOMHH OPOXXHHUHH, TaKOXK BiOYBAEThCS 1i PO3IIMPEHHSI, OJIHAK PO3LIMPEHHS MOPOXXHUHHU BigOYBa€ThCS MOBIIbHILIE,
HDK 3MeHIIeHHS TmoOuHu. B poGoti HaBeneHi rpadiku po3mofily IIUIBHOCTI IUIa3MH IO pajiycy Ul KUIBKOX 3HAUCHb 4Yacy, SIKi
[OKa3ylOTh 4YacoBY EBOJIIOLIIO MOPOXHHMHM. Lli 3a/e)HOCTI MOKa3yloTh, IO 3a 4Yac MOPAAKY | CeKyHAM HOPOXXKHMHA iCTOTHO
3MIHIOETBCS, ajle He 3HUKAE NOBHICTIO.

KurouoBi ciioBa: ioHocdepa, HIKHBOTIOPUIHI TOPOXKHUHH, IpeiidoBa HECTIHKICTh, TYpOYJICHTHICTh IJIa3MH, aHOMajbHA
nudy3is mwIa3Mi.
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TypOynentHocTh nperipoBuX BOJH U aHOMabHast TU(Gy3usl TI1a3Mbl B

HUKHETHOPUIHBIX MTyCTOTaX HAOIIOJAIOMIUXCA B 3eMHOU HOHOChepe
J1.B.Yubucor

Xapvrosckuii hayuonanvhwiil ynueepcumem umenu B.H. Kapasuna, m. Ce0600b1 4, 61022, Xapvros, Ykpauna

B mma3sme BepxHel moHOChepH! 3eMin ObUTH 0OHapy)KeHBI o0sacTé ¢ 00eTHEHHO! INIOTHOCTBIO IIA3Mbl M MOBBIIICHHBIM
YPOBHEM II0 CPaBHEHHIO C OKPYXKAaIOIIeH cpenoil KoneOaHWi ¢ HIDKHETHOPHIHOW 4acTOTOH. YCTaHOBJIEHO, YTO TAaKHE ITOJIOCTH
IUIOTHOCTH IJIa3Mbl UMEIOT IIMINHIPUUECKYIO CHMMETPUIO U BBITSIHYTBI BIOJIb T€OMAarHUTHOT'O TOJIS, TAK YTO MPOJONBHbBIE Pa3Mephl
3HAUUTENILHO TPEBBIIAIOT TONEepeuHble. Takue CTPYKTypHl, Ha3bIBa€Mble HIKHETHOPUAHBIMU MOJOCTSIMHU, AOCTATOYHO YCTOHUHUBEI,
TaK 4YTO 3a BpeMs TNPOXOXKICHHUS depe3 HUX KOCMUYECKHE ammapaThl He HAOMIOJAI0T 3HAYUTEIbHBIX M3MEHEHHH NapaMeTpoB
nojocteid. Takum 00pa3oM, XapakTep HM3MEHEHHUs IOJOCTeH C TEUCHHEM BPEMEHH OCTaeTCsl HESCHBIM. B 3ToH craTbe MbI
TEOPETHIECKH HCCIEIyeM BPEMEHHYIO JBOJIONHUIO IOJIOCTH B INIa3Me HOHochepsl. [lockoibky oOeqHeHHe INIOTHOCTH ILIA3MBI
SBJIACTCA IMIMHAPUYECKH CHMMETPHYHOH 0OJIACTBIO, OHO CO3JaeT PajHalbHYI0 HEOJHOPOJHOCTh B IIa3Me. B cBowo odepens,
HEOJHOPOJHOCTh IUIA3Mbl NPUBOAUT K PA3BUTHIO HU3KOYACTOTHOW Aped(oBOil HeycTOHYMBOCTH M TypOYJIEHTHOTO COCTOSIHUS
u1a3Mbl. AHOMasbHAs T dy3nst mIa3MBbl ONepeK reOMarHUTHOTO 1OJIsL B pe3yJIbTaTe Pa3BUTHUS TypOYJICHTHOCTH Ipei(hOBBIX BOJH
HEOJHOPOJIHOH IIa3MBl pacCMaTpPUBAETCsl KaK MEXaHM3M M3MEHEHHMs MOJIOCTH. B naHHOi pabote pemraercst ypaBHeHHE AUGdy3un
IUIa3Mbl B TIOJIOCTH, T/I€ HAYalbHOE pPaAMaIbHOE paclpeielieHHe IUIOTHOCTH IUIa3Mbl SIBISICTCSl NEPEBEPHYTHIM TayCCOBBIM.
Jucddy3ust ma3Msl IPOUCXOANUT PAANAIBHO K IEHTPY, MOCKOIBKY IUIOTHOCTH ITa3Mbl YBEIHUMBACTCS C YBEIMYECHHEM paJuanbHOI
koopauHathl. [lomydenHoe pemenne ypaBHeHHs Tu(Gy3un 1aeT CKOPOCTh YyMEHBIICHUS TTyOHHBI MOJIOCTH. [IoMIMO yMeHbIIeHHS
IITyOUHBI TOJNOCTH, TAKKe MPOUCXOINT €€ PACIIMPEHHe, OJHAKO PACIIMPEHHE MOJIOCTH MPOUCXOAUT MEUICHHEE, YeM YMEHBIICHHE
rinyounsl. B paGore mpuBeneHsl rpaduKu pactpeieNeHus IIOTHOCTH IIa3MBbl 10 paguycy JUIl HECKOJIBKHX 3HaYeHHH BpPEMEHH,
KOTOPBIE [TOKA3bIBAIOT BPEMEHHYIO BOJIIOLIMIO MOJIOCTU. DTHU 3aBUCUMOCTH IOKa3bIBAIOT, YTO 3a BpeMs Mopsiika 1 ceKyHAbl OJI0CTh

CYIICCTBEHHO MCHACTCS, HO HE UCYE3ACT NMOJIHOCTBIO.

KnroueBble ciioBa: noHocdepa, HWKHUE THOPUIHBIC ITOJOCTH, JApeiidoBas HEyCTOHYMBOCTH, TypOyJIEHTHOCTH ILIAa3MBI,

aHOMasnbHasA AU Qy3us TIIa3MBbL.

Introduction

Studies of ionosphere by satellites and sounding
rockets have established that in the plasma of the
ionosphere there are regions with a higher level of lower
hybrid oscillations compared to the surrounding plasma,
which correlate with a depletion of plasma density. These
regions are elongated along the geomagnetic field, so that
the longitudinal dimensions much exceed the transverse
ones were called lower hybrid solitary structures (LHSS),
or lower hybrid cavities (LHC). Since of the high
velocities of the spacecraft and small transverse
dimensions of LHC, which are of the order of tens of
meters, the measurement time is no more than tens of
milliseconds. However, during this time, the structure has
not changed much, that is the LHC is a relatively stable
formation. Despite that there is a number of works to
explain this phenomenon, the references to which are
given in the review [1], the mechanisms of the appearance
of cavities, as well as their stability, are not entirely clear.
There are also no explanations for their disappearance and
estimates of their lifetime.

This article discusses the problem of the time
evolution and disappearance of LHC due to drift
turbulence and anomalous transport of inhomogeneous
plasma across the magnetic field. Drift turbulence
develops due to the growth of unstable drift waves in
inhomogeneous magnetized plasma, the frequency of
which is much lower than the ion cyclotron frequency.
This turbulence has long been a serious problem in
plasma confinement in studies of controlled
thermonuclear fusion, since it led to anomalous plasma

diffusion across the magnetic field. We consider the same
turbulence as a candidate for the role of the mechanism
leading to the diffusion of plasma in the cavity and filling
it with plasma.

Measurements showed that the cavities have
cylindrical symmetry, and therefore, an analysis of
turbulence, as well as diffusion processes in the LHC
plasma, should be carried out using the model of
cylindrical waves. Such a model developed in our works
[2-5] was used in [6] for LHC conditions in plasma. In
[6], we considered both linear and nonlinear stages of
drift instability for cavities, found the level of turbulence
in the LHC, and previously investigated the temporal
evolution of plasma density in the cavity due to
anomalous transport through the magnetic field caused by
drift turbulence.

In this work, the anomalous plasma diffusion caused
by drift turbulence is studied in detail. We give here the
procedure for solving the diffusion equation for the
characteristic distribution of the plasma density over the
radius and give a graphic illustration of the evolution of
the distribution of the plasma density of the cavity.

Drift wave turbulence in lower hybrid cavities
We first briefly consider the conditions in LHC under
which anomalous plasma diffusion across the magnetic
field occurs. Observations showed that the plasma density
distribution in LHC has the form of an upside-down
Gaussian distribution [1], which can be described by the
equation
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n(r)=n, (l—aexp[—zr—:zD, )

In (1) n, is the plasma density in the environment, a
is the depth of the cavity, r, is the length of the plasma
density inhomogeneity. The main plasma parameters in
the cavity are [6]: electron temperature T, ~0.3eV , non-
uniformity parameter 1,/ p, >3, where p’ = pf (T, /T,)
and p;; is the thermal Larmor radius of ions, r, >50m,
geomagnetic field magnetic B, ~0.2Gs.

Inhomogeneity of the plasma along the radius in the
cavity leads to the appearance of a low-frequency drift
instability, the frequency and growth rate of which is [6]:

induction

. ma,
1+kipl’
2\ )
Jrz,, exp(—ze0 )
1+kip;

@, (k)
Y (k)= @, (k)

Evaluation shows [6] that at altitudes of up to 1000
km where the main ion component is the singly ionized
oxygen, the frequency of the drift oscillations in LHC is
of the order of 3-5 Hz, whereas at the altitudes of 1500-
2000 km, where the main ion component is protons, the
frequency is of the order of 7-9 Hz. The growth time of

instability, which is equal to y,'(k), is estimated as
0.5-1.5s.

An analysis of the nonlinear stage of drift instability

showed [6] that in LHC the short wavelength part of the
drift oscillating spectrum with k’p? >1 damped
nonlinearly and disappears, whereas long wavelength part
of the spectrum at k?p’ <1 grows nonlinearly. The

saturation level of the drift turbulence was estimated as

[6]

<2 ®)

Anomalous diffusion of plasma in lower hybrid
cavities
Due to drift turbulence in the plasma of LHC, the
distribution of the density of the plasma components
along the radius changes, and is governed by the diffusion

equation
on 10 on
—==—|rD,— |, 4
ot rar(r L8rj @

where D, is the diffusion coefficient across the magnetic
field. Note that the diffusion coefficients of electrons and
ions are equal, D, =D, =D,, so that the diffusion is
ambipolar. For the level of turbulence of (3) we have [6]

T
D =Sl Ps (5)
eB; r,

The equation (4) gives diffusion of plasma in the
direction of axis of LHC, since the plasma density
increases from the center.

To solve the equation (4) we introduce the notation

4D, =D and rewrite them as

on 0 on
Tl ®

Take the Laplace transform of (6) by multiplying both
sides by exp(— prz) and integrate over r’

a(% - 0 o(r,t
a[jn(r,t)e p drzjzje P ?(rZD érz )]drz.

0 0

Denote
N =N(p,t)=[n(r,t)e dr’ @
0

which is the Laplace transform for plasma density by the
squared radial coordinate. Then we get the equation

ON % 2 0 on
—=|e™ = | r*p= |dr*. 8
ot ’! 6!‘2( 61‘2) ®

Now we integrate the right side of (8) by parts twice

and obtain:

OoN K o2 o2 O
E:—p_{[n[—pe r’Dye’ ?(rZD)jdl’z.

Assume that the diffusion coefficient does not depend

on the radius, and then this equation is simplified

%\l = psz ne”™ r2dr? — pDN . ©)
0

For the first term in (9), we use differentiation by
parameter
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pZDjne””zrzdrzz—pzDi jne””zdrz =—p2D8—N (10)
0 op op

0
As a result, the eq. (9) for N(p,t) becomes

ON ON

— =—-p°D—-pDN,
ot op
or
oN , ON
—+p°'D—=-pDN. 11
e P p (11)

To solve the partial differential equation (11), we use
the method of characteristics. First integral of the eq. (11)
is found from the characteristic equation

(12)

The solution of eq. (12), i.e. the first integral of eq.
(11) is

1
u=t+—. 13
5 (13)

To obtain the second integral of (11) rewrite it as

2= (14)

Thus the second integral is
v=Np. (15)
First and second integrals yield a general solution of
(12):
v=g(u),

where 9 is an arbitrary function. Substituting (13) and
(15) into (16) we obtain

1
Np=g|t+—|,
=[5

(16)

or

(1)

N(p,t)=%g[t+Dipj.

Now we take into account the initial dependence (i. e.
at t =0) of plasma density on the radius (1). Solving the
diffusion equation (11), we consider only second term in
(1), since the first does not depend on either time or
coordinate. Thus we study the evolution of the
distribution

r2

n(r)= noae_g . (18)

Find the Laplace transform of (18)

No(p):noaj'efge‘“zdrzz W2 (9)
0

e L
2r7

and substitute it into (17) where we assume t=0.
Thereby we find the function N, (p) for the initial
moment of time

n,a 1 1
N = 0 = —_ — .
o(P) - pg[Dpj
p+_—
21,

Thus we found the explicit form of the function g
(16):

(20)

n,a

g(x)= 5 (21)
1+ —X
2r,
Substitute into (21) instead of X the value
X=t+
Dp
that yields time dependence of N ( p,t) :
NP5y
P I+ S t+—
2r, Dp
or, otherwise
n,a 1
N(p,t)= OD . 1 (22)
(R
2%, 2r7 (l+2t]
21,
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To obtain the dependency n(r,t), we take the inverse

Laplace transform for N ( p,t) (22):

n(r,t):z—mS:[wN(p,t)e” dp=(1+°—Dt]e .
2r}
(23)

Now in (23) we back to the original diffusion
coefficient D=4D, and obtain

(24)

2
rO

r 2D B
— |1k
n,a 22[ 2 J
n(r’t):( 0 e 0 ry

2D
1+ Ltj

Finally, we get the dependence of plasma density in
the cavity on the radius and on time as [6]

Equation (25) determines the temporary change in the
depth of the cavity

a(t)=;, (26)
( 2D, ]
1+—=t
rD
as well as its root mean square radial size
2D
o(t)=r, ;1+—2l . 27
rO

From equation (26) we obtain the time to decrease the
depth of the cavity by a factor of k =a/a(t)[6]:

(k_l)z
~0.25(k—-1
U ~oas(k-1)

1L

t = (28)

as well as from equation (27) the root mean square radial
size of the cavity over the time t, :

o(t)=rk

(29)

Thus, if the depth of the cavity decreases by a factor
of k, then its transverse dimension increases by a factor

of \ﬁ so that anomalous diffusion leads not only to a

decrease in the depth of the cavity, but also to its
expansion, however at a lower rate.

Figure 1 shows the temporal evolution of the plasma
density distribution over the radius, where dependence
(25) is plotted for several time values:
t, =0s,t, =0.25s,t, =0.5st, =0.75s, t, =1s at initial
cavity depth a=0.6. The diffusion coefficient for the
plasma parameters given in the first section s

D, =5-10"cm’-s™. Figure 1 shows that the cavity

disappears in a time longer than 1 second.
nityn

02 |

rarb. un.
T T 00 T T
3 0 3

Fig. 1. The dependence of plasma density in cavity on the
radius for several moments of time

Conclusions

Radial inhomogeneity of the plasma density and
temperature in the plasma of LHC leads to the
development of the drift instability and drift turbulence of
plasma in the cavity. In turn, drift turbulence causes an
anomalous diffusion of the plasma across the magnetic
field, which leads to the disappearance of the cavity, and
the cavity disappearance time exceeds 1 s.
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