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A nonquasineutral vortex structure with a zero net current is described that arises as a result of electron drift in
crossed magnetic and electric fields, the latter being produced by charge separation on a spatial scale of about the

I
magnetic Debye radius Iy = ‘B‘/(4pene) . In such a structure with radius r ~ rg, the magnetic field maintained by a

drift current on the order of the electron Alfven current

Jhe =Me c3/(2e) and can become as strong as

B (@/4pnemec2 . The system with closed current that is considered in the present paper can also serve as a model

of hot spotsin the channel of a Z-pinch.
PACS: 52.25.Xz, 52.30.-¢, 52.30.Ex, 52.55.-s

1. INTRODUCTION

In the resent years, investigations have been carried out
with the nonquasineutral current structures whose size
varies from a few microns in pinches to billions of
kilometers in cosmic space and in which charges are
separated on spatial  scales of about the magnetic Debye
radiusrg ~ B/(4nene) and an electric field is generated due
to the Hall effect — the factor that set eectrons into
relativistic drift motion [1-3]. An important feature of the
resulting quasi-equilibrium isthe onset of crossed electric

I I
and magnetic fields ‘E‘ ~ ‘B‘ . However, in the structures

considered theoretically and numerically in [1-3], the net
current in the quasi-equilibrium states under analysis was
nonzero. The question to be answered is then how laser
pulses or other extreme energy inputs (e.g., in Z-pinches)
can drive a nonzero net current in such isolated structures,
The obtained in the further investigations result that the
net current in such quasi-neutral structures is zero
substantially simplifies the construction of the scenario
for relaxation to them. The nonquasineutral current
structures in question could serve as a model of X-ray-
emitting hot plasma spots on spatial scales of c/wpe &t
electron densties of n.~ 10%° — 102 cm, which have
been achieved in experiments with Z — pinches [4].

2. THE MAIN EQUATIONS

We describe the electron plasma by equation of motion
for cold relativistic electrons in the following modified
form [1-3]
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Here \'/e,\‘/i are the electron and the ion velocities,

be:gne\l/e. 9:]/\/1- Vé/C2 , Neand n; are the

electron and the ion densities, z is the ion charge
1 1

number, E isthe electric field, B is the magnetic field.
At first, we use the spherical coordinates (r, 9, ).
Making use the statiorllary equations (1) and introducing

the vector potentidl A, one can obtain the expressions
for the electric and magnetic fields components
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Further on, it will be assumed that the ion velocity is
equal to zero and theion density is constant.

Now, inserting expressions (5) — (7) into the stationary
Eq.(3) and the second Eq.(4) and eliminating the
electron density ne, one can obtain, after going to the
function b = ar sinf and the variable s = r sing, the
following fina equation
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At last, the potentiality condition for the electric field E
results in the additional connection between functions b
and

b- bgs=t22 ©

where f(x) isthearbitrary function of its argument.

In order to obtain the localized configuration, it
isnecessary that p(s) should vanish both for s=0and
for <S® ¥ . This is why it is necessary to further
analyze Eq. (8).

The asymptotic behavior of the function B(s) at
s=0and S® ¥ can be examined by rewriting Eq.(8)
in a somewhat different form. We substitute the
expression b=f+pys, which follows from (9), into Eq.(8)
and differentiate the function f(&) in the resulting equation
with respect to the argument & = p/s to obtain
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For f=0, i.e. for an electron fluid that is free of vorticity,
there not exists the solution which meets the physically
reasonable conditionsat s=0and S® ¥ together. For

f 1 0, the asymptotic behavior of the function p(s) a s
= 0 differs radicaly from that in the previous case. If

df /ds® 0, then, in the vicinity of the point s =0, the
function B(s) satisfiesthe equation
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which has the solutions
b=Cs+C,s’. (12)
Now, these two solutions near the point s=0 are
physicaly alowed. In addition, the constant C; is an

eigenvalue of nonlinear equation (6) and should be found
from the condition for B to venisha S® ¥ by the
taking into account the asymptatic (12).

3. THE FILAMENT STRUCTURE AND THE
ESTIMATE OF THE MAGNETIC FIELD
VALUE

Let us examine in more detail the structure of the current
equilibrium state under consideration, namely, the state

that arises as a result of the balance between the electric
and magnetic forces and aso the centrifugal force
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is the z component of the magnetic field. The expression
for theradia electric field component in the (x,y) plane
followsfrom Eq.(13)
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Now, we change the spherica coordinates to the
cylindrica. The use of the spherical coordinates at the
first stage of the equation transformation alows to obtain
the additional condition (9).

In the stationary case, it is convenient to convert

Eqg. (3) and the second Eq.(4) into the form:
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From Eq. (16), we can seethat the dimensionless dectron
current density Ne B is expressed in terms of the
derivative of the magnetic field component B, with
respect to s. At the point 5 , a which the magnetic field
has maximum, the dimensionless current density Ne 8
vanishes, which corresponds to the change in the sign of
the velocity component v, .

Hence, since the electron velocity equals zero at the axis
of the vortex structure and at the point s = s, it has a
maximum at a certain intermediate point s=s; for C,> 0.
According to Eq.(15), the electric field component E,
vanishes a the point s = . Therefore, by integrating
Eq.(17), we can show that the total charge in the region

O£s£ s, isequal to zero.

It is easy to see that, in the region s > 5, the electron
velocity is negative, has a minimum at a certain point
s=$, and tendsto zero at infinity.
For C; < 0the signs of the velocity and the magnetic field
are changed, but the sign of the ectric field is conserved
according to Eq. (13).
From Eq. (17), if the estimate of db/dsp s® is taken
into account, over the region of the small values s one can
obtain

N.(0)=N, - 2CZ. (18)
Thus, near the axis there exists the excess of ions and the
electric field is postive. Therefore, these ions expand
towards the periphery in the considered quas-
equilibrium.
The estimation of the value of the magnetic field in the
filament from Eq. (14) by the account N; s ~ 1 gives:
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HEKBA3UHEUTPAJBHBIE TOKOBBIE CTPYKTYPHI B IUIA3BME C PABHBIM HYJIIO ITIOJTHBIM
TOKOM

A.B. I'opoees

Omnucana HeKBaBHHeﬁTpaﬂbHaﬂ BUXPEBaAA CTPYKTypa C PABHBIM HYIIO IHOJHBIM TOKOM, KOTOpAas BO3HUKACT B
pe3yabTaTe ,upefui)a OJICKTPOHOB B CerHIéHHBIX MAarivuTHOM H SJICKTPUYCCKOM IIOJIAX, HpI/I‘IéM nocieaHee co3aaéTcs
npu  pasfacJiCHUM 3apsaJ0B  Ha HNPOCTPAHCTBCHHOM Macirabe nopsaaka MAarHuTHOI'O ,Z[€6aCBCKOFO paaunyca

o[t

/ (4pen e). B Takoli cTpykType ¢ pazMepoM I ~ g MarHWTHOE TOJIC TOJICPKUBACTCS APCH(POBBIM TOKOM

. @ [ 2
TOpSAZKA IEKTPOHHOIO aNb()BEHOBCKOTO TOKA Jae =M C/(26) m mMoxker nocrurath 3mauenuii B 4pn,mc .

Cucrema ¢ 3aMKHYTBIM TOKOM, ITOJJOOHAsT PAacCMOTPEHHOM MOXKET TaKKe CIY)KUTh MOJICIBIO TOPSYNX TOYCK B KaHAe
Z-1iH4a.

HEKBA3IHEWTPAJIbHI TOKOBI CTPYKTYPH B IVIA3MI 3 PIBHUM HYJIIO TIOBHAM TOKOM

O.B. I'opoces

OnncaHo HEKBa3iHEWTpalbHy BHXPOBY CTPYKTYpPY 3 PIBHMM HYIIO IOBHMM CTPYMOM, IO BHHHMKA€E B PE3YNIbTATi
npeiidy eneKTpoHIB y CXpEIIeHNX MarHiTHOMY I eNeKTPUYHOMY IOJISIX, IPUYOMY OCTAHHE CTBOPIOETHCS NPH MO

/ (4pene). V rtaxiit
CTPYKTYpi 3 pO3MipoM I ~ [g MAarHITHE IOJIC MiATPUMYETbCS APEH(POBUM CTPYMOM TMOPSIAKY CIEKTPOHHOTO

. . @ [ 2
anbhBeHiBChKOro cTpyMy Jae =M CY/(2€) i Moxke mocsratu 3uauen» B 4pn_,m_C° . Cucrtema 3 3aMKHYTUM

CTPYMOM, HO,Hi6Ha a0 Ti€.l', IO PO3TIIIHYTO, MOKE TAKOXK CIIYKUTHU MOJACIIIIO rapd4nX KpaloK Yy KaHall Z-TydHYa.

[
3apsdiB Ha IIPOCTOPOBOMY MAacIITadi IHOPAAKY MArHiTHOro Ae0aeBChKOro pamiyca [y :‘B
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