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The earlier obtained results on the equilibrium and dynamics of the nonquasineutral current filaments for the size
scale on the order of 1 pm and the time on the order of 1 ps are being applied to the objects in the atmosphere, the
ionosphere and in the interstellar space. The main feature of the equilibrium for the electron current filament consists
in the presence of the strong electric field that appears as a result of the charge separation at the magnetic Debye radius
rg. The numerical calculations of the ion dynamics due to the electric field of the filament are performed. It was
obtained that the same equations can describe the equilibria and dynamics of the filaments from the micron size scale
to the length of about millions km. Some arguments are presented in order to introduce a new approach for the lightning
phenomena, where the magnetic field of the current in the lightning channel may play a decisive role.

PACS: 52.58.Lq, 52.59.Px, 52.65.Kj, 52.80.Mg

INTRODUCTION

By the investigations of the laser pulses and the large
currents in high density plasmas the appearance of the
current filaments is a commonplace [1,2]. Therefore the
analysis of the structures of the current filaments and their
dynamics in high density plasmas is a very important
direction of the contemporary investigations [3,4]. In this
case the generation of the current _'ﬁlaments in the
magnetic field range 4Th. m. ¢ << B2 << 4T n; m; ¢’
results in the charge separation at the magnetic Debye
scale rs 0| B |/(4Ten,) and the appearance of a very high
radial electric field that leads to the ion acceleration in the
radial direction. Such phenomena, which are connected
with the appearance of the current filament in the laser
and the Z-pinch plasmas displayed at a very small size
scale on the order of 1pum and a time scale on the order of
1 ps. However, it is obvious that these phenomena can
occur also in some another space-time scales, where there
exist the diverse plasma densities and the magnetic field’s
magnitudes. The appearance of the current filaments on
different space-time scales is connected  with the
presence of the magnetic field everywhere in our
planetary system and in the cosmic space. One can show
that in definite ranges of the magnetic field and the
plasma density, the same equations can describe
equilibria and dynamics of the filaments with the size
scales from 10* cm to 10° km. As a very interesting
object for the possible application of the nonquasineutral
current filament presents the lightning phenomenon in the
Earth atmosphere, where already at the dart leader phase
the current magnitude of about 11 kA is registered in the
last measurements [5]. The simultaneous appearance of
the x-ray emission in the 30-250 keV range and also the
gamma-ray burst with the energies extending up to more
than 10 MeV in the dart leader stage of the lightning may
be explained within the framework of the present
approach. In addition, the return stroke phase of the
lightning may be interpreted as a reflected magnetic self-
insulation wave [6].
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PHYSICAL MODEL AND MAIN EQUATIONS

By the describing of the nonquasineutral current filament
structure in the limit of the relativistic electron equations
the plasma dynamics can be considered in the following
range of the magnetic field

The

Lh.s.

4Tem.c’ << RB? << 4Thimic?
of this

(1

inequality corresponds to the

nonquasineutrality of the electron filament at the Debye
magnetic radius 1] | B | /4Ten, and the rhs. of the
inequality (1) results in the appearance of the quasistatic
approximation for electrons as the small parameter € =

pi

rs/c << 1.
approximation for

Taking into account the quasistatic
electrons  and introducing the

dimensionless quantities

Be,z=b1,2

n=n

one can
describes the quasistatic electron filament structure in
accordance with the earlier constructed theory [3,4]
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In such a setting of the problem the filament dynamics is
determined only by a relatively slow ion motion in the
electric field of the filament. In this case, block of the
nonstationary dimensionless equations, that describes the
dynamics of the current structure by the account of the
ion motion and the slow filament dynamics, takes the
form
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where the dimensionless radial electric field €, is

introduced according to E =e \4nn _m c? , and
r r e e

o=v. lw .
in" ~ pi

takes into account the possible ion-atom
collisions with the ion-neutral frequency Vi, .

Here the dimensionless length p, time T, and ion radial
velocity u and the dimensionless pressure p with the

isentropic exponent equal 2 are introduced

2
m,c m, Zm,
rEp\—S—— =14 |————,v,=uc\—,
4neznew 4nezZnew m;

In addition, the initial conditions n(1=0) =1 and u(T
=0)=0, and the boundary conditions n(p=c)=1 and u(p
=0)=u(p=c0)=0 will be used.

One should stress that because of the absence of the ion
trajectory’s bending the introduced values ne. and nie
correspond to the radius r. O c/w, , which is in
accordance with r.h.s. of the inequality (1).

ESTIMATES FOR FILAMENTS WITH
DIFFERENT SPACE -TIME SCALES

Earlier on, the filament equilibrium was obtained, where
one bears in mind the typical parameters of the plasma
with electron density n. 010 cm™. And though all the
equations were presented in the dimensionless form, it
follows from the main ine_guality (1) that the magnetic
field is on the order of |B| 0107~ 300" G. However,
some another ranges of the parameters can also exist by
the fulfillment of the inequality (1). Of course, the
existence of such parameter “windows” does not prove
the real appearance of the equilibrium, however, this
gives a possibility to search such equilibria. The simplest
way to obtain the physical equivalent of the earlier
obtained nonquasineutral current filaments for other space
and time scales is the introduction of the three scale
factors in order to connect the previous values [3,4] with
subscript “0”and the values for new filaments with
subscript “1”. After some transformation according to
formulae

By=4,B,, E;=1,E, @)

and by the account of the approximate relation i?% Ay

ny=Ayn,,

according to (1) one can obtain that for the ionosphere
with Bi= 1G and n;= 10° cm™ the characteristic space and

time scales are r;= 10> m and t,;= 30010~ s. The analogous
calculations for the interstellar space results in r; = 10° km
and t;= 1s.

It is obvious that the current filaments may be considered
also in a media with the only partial degree of the
ionization. As an example of the application of the
considered approach one can try to investigate the
lightning phenomena in the Earth atmosphere by the
initiation of the electric discharge between the charged
clouds and the Earth surface. According to the recent
concept of the lightning propagation in the Earth
atmosphere, this phenomenon is based on the streamer
breakdown at the very front of the lightning dart leader. In
such an approach the value of the electric field is a critical
point of the existing theory. In the present approach the
main effect that allows to resolve this problem consists in
the taking into account the magnetic field which arises
because of the current flow in the lightning channel.
According to the above presented theory by ¢/(,.<< 15 a
very strong radial electric field appear as a result of the
charge separation at the magnetic Debye radius rs. In
addition, when one assumes that the channel radius is
equal to 1 = ¢/, and one considers the Lh.s. of the
inEquality (1) on the verge of the applicability

B~ 47me mec2 , so from B = 2J/(r,c) one can obtain

that the current is equal to J.= Jac = 8.5 kA, which is
independent of the plasma density in the lightning
channel. This Alfven current value is very close to the
current in the dart leader phase of the lightning, which
was measured in the initial stage of the rocket-triggered
lightning [5]. In this case, the estimate of the Hall

potential in the filament Uy = B2/ (4men,) by the

account of the above-mentioned approximate relation

2

B2N4Tl:ne m,c” gives the relativistic value Unai =

mec*/e = 0.511 MeV. This means that already for the
electron density greater than n. > 10" cm” the radial
electric field in the current channel is greater than 1
MV/cm. In the filament with the strong radial electric
field E:and the azimuth magnetic field Bs, the electron
drift velocity is on the order of the light velocity c. The
calculation of the maximum relativistic factor of the
drifting electrons at the axis within the framework of the
presented theory gives for the measured current value J =
11kA in the dart leader stage Vo U 2. This value is in a
reasonable accordance with the measured x-ray emission
in the 30 — 250 keV. By the domination of the collision
term in the second Eq. (5) the characteristic time of the
filament dynamics connected with the neutralization of
the electric potential is about t, [J 0.1 Ms what is in
accordance with the characteristic time of the x-ray bursts
in [5]. One can calculate the total energy of the filament
related to the unit length. This value is about 107 J/cm for
the above-mentioned dart leader phase of the lightning
and can increase up to 1 J/cm for the main phase with the
current about 100 kA. The dissipation of this energy
depends on the collision of the relativistic electron with
the neutral component and can be neglected by Ve, to <<
1, where V., — the electron-neutral collision frequency.
This condition may by fulfilled by t, J0.1 ps. Here one
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should stress that the total energy of such a filament is on
the order of the several hundred keV by the current J =
100 kA for the clouds remote from the Earth surface on
the several km, however, this energy constitutes only a
small fraction of the total energy of the charged cloud.
Also it is useful to mention the return stroke stage of the
lightning phenomena, when the inverse propagation of
the lightning occurs. It is known that by the investigation
of the lightning propagation one can consider the
processes in the current channel within the framework of
the telegraph equation. Now, in the introduced approach
the wave processes in the current channel correspond
rather to the propagation of the magnetic self-insulation
wave [6]. In the presented approach, the return stroke
phase of the lightning must be the reflected magnetic self-
insulation wave that propagates in the reversed direction
from the Earth surface as the surface potential is equal to
zero. Therefore, in the propagation of the reflected
magnetic self-insulation wave the potential difference of
the filament essentially diminished or disappeared, so the
filament energy is released in the filament plasma. This
energy deposition must result in the radiation from the
filament plasma and in the forming of the shock waves.

CONCLUSIONS

The conducted investigations reveal the existence of the
filament equilibria with the different space - time scales,
where the magnetic field plays a decisive role. In
addition, in this equilibrium the current flow is carried out
by the relativistic electrons. The full similarity of the
physical processes for the nonquasineutral current
filaments in the different space-time scales at the definite

ranges of the magnetic field and the plasma density is
obtained. Estimates within the framework of the current
filament model show that the account of the magnetic
field, connected with the current of the lightning channel,
results in the appearance of the strong electric field and
the relativistic electrons, which energy and life time
increase with the current and the radius of the channel,
respectively.
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JTAHAMMKA HEKBA3BUHEWTPAJIBHBIX TOKOBBIX ®UJIAMEHTOB HA PA3JIMUHBIX
IMPOCTPAHCTBEHHO-BPEMEHHBIX MACIITABAX

Anexcanop B. I'opoees, Tamvana B. J/locesa

[TonyuyeHHbIC paHee Pe3yNbTaThl MO0 PABHOBECHIO U JUHAMHKEC HEKBa3HHEHTPAIBHBIX TOKOBBIX (DHIAMEHTOB IS
MPOCTPAHCTBEHHOI0 MaciTaba MOpsIKa OJHOTO MHKPOHA M BPEMECHHOTO MaciiTaba MopsaKa OJHOW MUKOCEKYHJIBI
MPUMEHSIOTCS K 00BbeKTaM B atMocdepe, HoHOchepe U B MEX3BE3THOM MpocTpaHcTBe. OCHOBHOW 4YepTOH HOBOTO
paBHOBECHA [JIA DJICKTPOHHOT'O TOKOBOI'O (bI/IJ'IaMeHTa ABIACTCA TPUCYTCTBUE DJICKTPUUCCKOTO II0JIA, KOTOPOE
MOSIBISIETCS KaK PE3yJIbTAT pa3feieHusl 3apsi[0B HA MAarHUTHOM Jie0aeBCKOM pajauyce rs. I[IpOHM3BEJCHBbI YHCIICHHBIC
pacyéThl HOHHOW AMHAMUKH, CBSI3AHHOW C ANIEKTPUUECKUM TosieM (unamenTa. [loy4deHo, 4To OJJHU U TE e YPaBHEHHS
MOTYT ONHCHIBATH PABHOBECHE U JMHAMHUKY (PHIAMEHTOB OT MHUKPOHHOTO Maciitada 10 JTUHBI TOPSIKa MIJLTHOHA KM.
[IpencraBneHbl apryMeHTHI, KOTOPBIE BBOIAT HOBBIA MOIXOM I ()EHOMEHA MOJHHH, TJIE¢ MAarHUTHOE IIOJIC B KaHAJe
MOJIHMH MOYET UTPaTh PEIIAOIIYIO POJIb.

JIAHAMIKA HEKBA3IHEATPAJIBHUX TOKOBUX ®LIAMEHTIB HA PI3HUX ITIPOCTOPOBO-
TUMYACOBHUX MACHITABAX

Onexcandp B. I'opoces, Temana B. Jloceea

OTtpuMaHi paHilie pe3yabTaTH IO PiBHOBA31 i AWHAMIINI HEKBa3iHEHTPATbHIX TOKOBHX (DITAMEHTIB LIS IPOCTOPOBOTO
MacmTaby MOPSAKY OJHOTO MIKpOHa i THMYAacOBOTO MacmTaly MOPSAKY OIHi€l MIKOCEKYHIH 3aCTOCOBYIOTHCS IO
00'ekTiB B aTMocdepi, ioHOochepi H y MiX30psHOMY NpocTopi. OCHOBHOIO PUCOI0 HOBOT PIBHOBArH JUIsl €JIEKTPOHHOTO
TOKOBOTO (hiJTaMEHTa € TPUCYTHICTH ENIEKTPUYHOTO TI0JISI, IO 3'SBISETHCS SIK PE3ybTaT IOALTY 3apsi/liB Ha MarHITHOMY
nebaeBChKOMY pafiyci r. 3poOJeHO 4YHCENbHI PO3paxXyHKH 10HHOI JIMHAMIKU, 3B'S3aHOT 3 EJICKTPHUYHHM II0JIEM
¢inamenTta. OTprMaHO, IO Ti K caMi PIBHSAHHS MOXKYTh ONHCYBATH PiBHOBAry i JUHaMIKy (iIaMeHTIB Bil MIKPOHHOTO
MacmTaby 10 TOBKHWHHU MOPSAKY MijbifoHa KM. llpemcraBieHo apryMeHTH, IO BBOISATH HOBUH MiAXid s (peHomeHa
OJMCKaBKH, /Ie MarHiTHe MoJjie B KaHaNi OJMCKAaBKU MOJKE BiJ[irpaBaT BHPILIAJIbHY POJIb.
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