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VORTEX STRUCTURES AND ELECTRON
BEAM DYNAMICS IN MAGNETIZED PLASMA

We investigate the formation of vortex structures at the reflection of an electron beam from the
double layer of the Jupiter ionosphere. The influence of these vortex structures on the forma-
tion of dense upward electron fluxes accelerated by the double layer potential along the Io flux
tube is studied. The phase transition to the cyclotron superradiance mode becomes possible for
these electrons. The conditions of the formation of vortex perturbations are considered. The
nonlinear equation that describes the vortex dynamics of electrons is constructed, and its con-

sequences are studied.
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1. Introduction

In this paper, the vortex dynamics of electrons is con-
sidered, and the processes that can influence the for-
mation of upward electron fluxes in plasma double
layers (DLs) are studied in the framework of the cy-
clotron superradiance (CSR) effect. The possibility of
the formation of vortex structures due to the interac-
tion of electron currents with the Jupiter ionosphere
plasma is discussed.

The influence of To on Jupiter‘s magnetosphere and
its radio emission has been studied for a long time
[1,2]. This active satellite is constantly erupting par-
ticles into the ionosphere and is connected with the
generation of the strong radio emission from Jupiter
which was discovered in 1955. The interaction be-
tween Io and Jupiter occurs in the form of electric
currents that moves from Io along the Jupiter mag-
netic field lines and through the ionosphere near the
planet poles, by forming the Io magnetic flux tube
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(IFT). Near the footprint of the IFT, where the par-
ticles carrying this current influence the Jupiter atmo-
sphere, auroras arise. They are observed in the form
of bright tails of radiation stretched behind the main
spot along the movement of the IFT footprint on the
planet surface [3, 4]. In addition, the projections of
other satellites are also visible, but with much lower
brightness. The radiation spot of Io at a certain point
has the shape of ellipse with a size ~200-500 km,
which is slightly larger than the projection size of the
satellite itself onto the planet near ~200 km (due to
the IFT constriction). It indicates that the Io—Jupiter
interaction region is slightly larger than the size of
To. The IFT tail is less bright in the northern hemi-
sphere, where the magnetic field is stronger than in
the southern hemisphere. Conversely, the radio emis-
sion is more intense in northern areas [5,6]. Jupiter’s
equatorial field strength is 4.3 Gauss, ranging from 10
Gauss at the south pole to 14 Gauss at the north pole.

Since 2016, NASA’s Juno spacecraft is orbiting
aroud Jupiter. It is equipped with devices to com-
pile the detailed information about the planet. Based
on these data, new effects were discovered, for ex-

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 4



Vortex Structures and Electron Beam Dynamics in Magnetized Plasma

ample, the observations report on the distinct, high-
energy, discrete electron acceleration in Jupiter’s au-
roral polar regions and on upward magnetic-field-
aligned electric potentials of up to 400 keV, by one
order of magnitude larger than the largest potentials
observed at Earth. Juno’s Energetic particle Detector
Instrument (JEDI) detected intense electron beams
moving away from Jupiter’s polar regions. In those
beams, there are often found electrons with energies
above ~1 MeV, sometimes up to > 10 MeV. These
beams occur primarily above the swirl region of the
polar cap aurora. The correlation between the swirl
emergence from an Ultraviolet Spectrograph (UVS)
and the very intense beams from JEDI was found in
[4,7,8]. We note that, in literature, some additional
mysteries concerning the precise nature of this accel-
eration still exist.

In works [10-14], the original model was proposed
that describes the generation of a super-powerful Jo-
vian radio emission, which is based on the effect of the
Fomin—Dicke collective coherent CSR for a system of
inverted electrons at high Landau levels in rarefied
magnetized plasma. According to the model, electron
beams are accelerated from Io toward Jupiter and are
reflected from double electric layers that arise in the
plasma of the ionosphere. Then the reflected electron
beams move upward and pass into the coherent su-
perradiance CSR mode. The criterion of the phase
transition to the CSR mode depends, in particular,
on such characteristics of electron beams as the den-
sity and temperature.

The DL phenomenon has been studied for a long
time (see [15-21]) and was observed under labora-
tory conditions and in astrophysical applications. In
addition, DLs are observed in auroral regions, where
they require some external drivers to induce the elec-
tron acceleration [22, 23]. According to observations,
Jupiter’s auroras sometimes have parallel potential
DLs analogously to Earth’s aurora. The electric DLs
are plasma regions with a violated quasineutrality
and with a size of several Debye radii. The forma-
tion of such layers is possible at the border between
regions in plasma with different characteristics, for
example, with different temperatures. The formation
mechanisms of sufficiently strong DLs are also pos-
sible, associated with the injection of particles into
the plasma, due to the current amplification of the
plasma instability. Most of the beam electrons are re-
flected in the ionosphere by parallel electrical layers
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Fig. 1. Potential profile of the double layer

and cause auroras, although some of the electrons are
scattered.

Numerical simulations in [14] showed the possibil-
ity of a quasi-stationary DL formation during the in-
teraction of an electron beam with a plasma in the
nonrelativistic case. When the electron beam with a
density of 10* cm ™3 is injected into the plasma of the
Jupiter ionosphere, a DL can be formed in the region,
where the densities of the beam and plasma are ap-
proximately equal. The phase portrait of DL and the
distribution of free and trapped components of the
electron beam were found. It also shows the forma-
tion of cold electron beams, for which a transition to
the CSR mode is possible. A characteristic potential
drop is observed in the DL region. The DL potential
is shown in Fig. 1.

The presented distribution was obtained by aver-
aging the values of potential and field strength over
a time interval exceeding much the period of plasma
oscillations. The instantaneous values can be signifi-
cantly distorted due to plasma oscillations. As seen
in Fig. 1, the DL has a width of approximately
20 rge. The potential drop in the DL is determined by
the energy of the electron beam. For example, for the
following parameters of plasma electrons — concentra-
tion ng ~ 10* cm ™3 and temperature kT ~ 1 keV, we
get the Debye radius rge ~ 2.4 m, plasma frequency
wy '~ 1.8x 107" s and, accordingly, the width of DL
is ~50 m, the time of formation ~107° s. In this case,
the energy of the beam is 50 keV, which corresponds
to the DL potential of 50 kV.

The numerical simulation of a double layer was car-
ried out in the region of 10074 with open boundary
conditions. At the initial moment of time, it was as-
sumed that the region is filled with an equilibrium
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Fig. 2. The phase portrait of the double layer in plasma

plasma with a temperature kT and an electron con-
centration ng, the ion component of the plasma is
frozen and uniformly distributed. A continuous elec-
tron beam was injected into the plasma from the left
at a rate equal to 10vp. Within a short time, approx-
imately equal to 30/w,, a quasistationary mode is
established in the phase space of the system with DL
reflecting a part of the beam back, as well as small
oscillations in the plasma. A typical view of the phase
portrait is shown in Fig. 2.

In [24, 25|, it was shown that when an electron
beam from Io enters Jupiter’s ionosphere, a beam-
plasma instability (BPI) develops. The electron dis-
tribution function becomes wider due to the excited
fields, and then these electrons cause the ultravio-
let aurora. Since BPI develops locally in the inhomo-
geneous plasma, it can lead to the formation of DL
at a certain height. The properties and stability of
the formed intense DL, as well as the dynamics of
plasma particles, are described. It is noted that the
reflection of electron beams from the Jupiter atmo-
sphere can lead to the formation of a semivortex. The
effect of the space charge of a decelerated reflected
beam and its collision with particles of the partially
ionized plasma lead to a gradual expansion of the
beam. Thus, the beam is reflected back with a large
radius, which can lead to the vortex formation.

2. Vortex in a Plane (7, z)

in a Collisional Magnetized Plasma

with a Reflected Electron Beam

Consider the feasible vortex dynamics of a reflected
electron beam near Jupiter in a plane, one of the axes
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of which is directed along the magnetic field under the
presence of electron collisions.

We assume that the axis z is directed toward the
surface of Jupiter. The electric double layer has a fi-
nite longitudinal size along z, approximately equal to
Lpr, = V2Vy/wpe [15-17,19]. Due to the finite radius
of the beam, the DL has a finite transverse dimen-
sion. Then the DL has not only a longitudinal electric
field E,, but also a transverse electric field E,.

Although the electrons are magnetized, the beam
expands in F, due to collisions and forms an obvi-
ous half-vortex in the process of reflection from the
DL, under the condition, when the radius of a half-
vortex exceeds the radius of the beam, that falls on
the layer. We will estimate this condition. Since the
crossed configuration of the radial electric Fy, and
longitudinal magnetic Hy fields is maintained in the
vicinity of the DL, the electron beam, due to colli-
sions of electrons with a frequency v., expands with
a velocity

‘/T _ eZ/OeEQOT’ (1)
MeWil,

where the field Ey, is determined by the space charge
of the DL, and wpe = eHp/mgec is the cyclotron
frequency of electrons. For close longitudinal and ra-
dial dimensions of the double layer, we have approxi-
mately Fy,. =~ Ey,. We note that the amplitude of the
electric potential of the DL is approximately equal to
the kinetic energy of the beam, and the length is ap-
proximately equal to Lpr, &~ v2Vj/wpe [15-17, 19].
Therefore, for the formation of a half-vortex, one can
obtain the condition

e Lpe x1, (2)
Wi, T
S0, Wpe = (47Tn0662/me)1/2 — the electron plasma

frequency must be greater than wye, if wye is greater
than v,.

3. Vortex in the Plane (r,0)

in the Collisionless Approximation
in a Magnetized Plasma

with a Reflected Electron Beam

Now, we consider the vortex dynamics of a reflected
electron beam near Jupiter in a plane orthogonal to
the magnetic field. In the vicinity of DL, there is a
crossed configuration of the radial electric Ey, and the
longitudinal magnetic field H,. So, vortices can also

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 4



Vortex Structures and Electron Beam Dynamics in Magnetized Plasma

be formed in the plane (r, #), because the nonequilib-
rium state is maintained due to the drift of electrons
along the angle # with a velocity

2
Vi ebor [ Wpe \[An\
00 — — = T = Trweo-
MeWHe 2whe | \noe

An = nge — ginoi/e.

where ¢;, ng; — ion charge and density.
Consider a vorticity a — an electron vortex charac-
teristic

1 1
a=e,rot V= -0,1rVy — -0y V,. (3)
r r

The physical sense of « becomes obvious, if we intro-
duce the angular velocity of the electron rotation in
a vortex Q = Vp/r, then

0= 20479, — 0,V (4)
T

If  # Q(r) and V,. = 0, then the vorticity is equal to
the double angular velocity of the electron rotation
a = 20Q.

4. Equations Describing
the Excitation of Nonlinear
Vortex Perturbations

Let us obtain the equation that describes the excita-
tion and properties of vortex perturbations. In [26],
the derivation of the equation for the vorticity begins
with the momentum equation (2) for a viscous New-
tonian conducting fluid, in which there is no electric
field. We use the hydrodynamic equations for elec-
trons at times shorter than the capture with regard
for electron collisions

87V+V6V+(VV)V:

ot V2

~ () Vot lom V- (B2) 9, )
68“; +V (nV)=0

and the Poisson equation for the electric potential ¢
Ap =47 (ene — ¢;n;), (6)

where V and n.are the electron velocity and den-
sity, respectively, Vi — thermal electron velocity, V;,
n;, and ¢; — ion velocity, density, and charge. As
we will see below, the dimensions of vortex distur-
bances are much larger than the Debye electron ra-
dius r4e = Vin/wpe. Therefore, we can neglect the last
term in (5).
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We obtain a unified nonlinear equation describing
the vortex dynamics of electrons. For this, we use rot
for (5), i.e. we act vectorially by the operator Vx on
(5). Then we get

Ocx
ot
Here, a = [V x V]. To transform the last equation
we use the expression

[V X [whe X V]] = (VV)wie — (Vwie) V =

= WHe (VV) + (VV) WHe — (wHeV) \% (8)

Y v+ [V % (VV) V] = [V x [whe x V]. (7)

at Vwpge = 0 and
[Vx[VxV]]=[Vxa]l=1/2VV?—-(VV)V. (9)
From (9), we get the expression
[VXx(VV)V]=—-[Vx[Vxal]]=
=—(Va)V+(VV)a=

=(VV)a+a(VV)—-(aV)V -V (Va). (10)
From (7), (8), (10), and Va = 0, we find
da+veca+ (VV)a+a(VV) - (aV)V =

=wie (VV) + (VV) wpe — (we V) V. (11)
Hence, we have

di (00 — WHe) + Ve + (@ — whe) (VV) =

= (@ —wne) V)V, (12)

We transform the third term on the left side of (12)
as follows:

(@ —wie) (VV) = — ("_“’H> x

Ne
x [0, + (VV)] ne = — <°‘_n“’H) dyne. (13)
From (12) and (13), we find

AW + 1,2 = (WV)V, (14)
where

W= & WHe

Te

Note that, in the case of a collisionless plasma
(ve =0), Eq. (14) for the vector W formally coin-
cides with the Helmholtz equation (see [27,28]) for the
vorticity in the case of an incompressible fluid in the
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absence of a magnetic field H: d;a = (V) V. Thus,
we have obtained a nonlinear vector equation describ-
ing the vortex dynamics of electrons.

Let us show that the vortical motion begins, as
soon as there appears a perturbation of the electron
density. For the transversal electron velocity V| from
(5), one can obtain the following equation:

VJ_ = - < c )[ezv EOT] + ( ‘ ) [eza VJ_Qﬂ -
MeWHe MeWHe
——0i[e,,Vi]— —e,,(VLVL) V] (15)
WHe WHe

Vip=V,i¢— Ey,

where ¢ is the electric potential of the vortical per-
turbation, and Fj, is the radial electrical field.

Taking higher linear terms into account, we derive
the following expression from Egs. (15):

e i+

VJ_ ~ VGO + (
MeWHe

e
MeWiie
From (3) and (16), we obtain the expression for the
vorticity:

2
e\ (A 1
o~ (wp )( ”) + - de. {Vl, <2>VW}. (17)
WHe Noe Me Wie

From (17), we get the expression for the unperturbed
value of the vorticity:

2¢eFEy, wf,e An
Qo R — =|— .
MeWHe WHe Noe

Expression (17) is convenient for a physical inter-
pretation of the connection between the electron den-
sity perturbation dn. and the vortical motion. To see
this, we consider the limiting case and neglect the ion
motion. In this case, (17) yields approximately:

o CATCO W CATLD
- WHe T0e WHe Noe .

The first term in (19) specifies the electron move-
ment on the closed trajectories in the crossed
fields. The second term in (19) shows that the vortical
motion begins, as soon as there appears a perturba-
tion of the electron density dn.. From (19), it also
follows that the vorticity has one sign in all beam ar-
eas in the case of vortical perturbations of small am-
plitudes. The opposite sign of the vorticity occurs in
some regions of the beam, where the vortex amplitude
exceeds a certain value.
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(18)

(19)

5. Conclusions

The Juno measurements of the aurora reveal the valu-
able information about the precipitating particle pop-
ulation, which interacts with the Jovian ionosphere
plasma at varying altitudes. More detailed measure-
ments of auroral structures from satellite trails in the
infrared and ultraviolet ranges have been obtained in
[29,30]. The fine structure is observed on the scale of
approximately tens of kilometers. It reveals that, in
the case of the IFT trail, the emission has an alternat-
ing series of spots, reminiscent of vortices which are
at small distances from one another and sometimes
split into two arcs. The research of the vortex struc-
ture formation mechanism can give an understanding
of the reasons for these morphologies and of Jovian
auroral processes.

In this paper, the vortex dynamics of electron
beams is considered in the framework of the Io—
Jupiter interaction. Currents flow from Io along the
magnetic IFT and near the poles. These particles im-
pact the ionosphere plasma, and, in the IFT footprint
area, the auroras are generated.

The conditions of the formation of vortex perturba-
tions and its properties and dynamics in the crossed
configuration of the radial electric and longitudinal
magnetic fields are described. The velocity of radial
expansion of the electron beam due to electron col-
lisions is taken into account. The nonlinear vector
equation is obtained that describes the vortex dy-
namics of electrons. It is also analyzed how the vortex
motion depends on the occurrence of electron density
perturbations.
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BUXPOBI CTPYKTYPU
I JUHAMIKA EJIEKTPOHHOI'O ITVUKA
B 3BAMATHIYEHI TIJIA3MI

B naniit pobori mocriimkeHo 3ama4dy mpo (pOpMyBaHHS BHXPO-
BUX CTPYKTYD IIPU BiIOUTTI IIydYKa €JIEKTPOHIB BiJ mOJBiiiHOIO
mwapy ioHocdepu Hmitepa Ta BIUIMB IUX CTPYKTYp HA BUHU-
KHEHHSI IIIJIBHAX BUCXITHAX €JE€KTPOHHUX IIYYKiB, IPUCKOPE-
HHUX IIOTEHIIaJIOM ITOBITHOrO I1apy B3/I0B2K ITIOTOKOBOI TPYOKHU
To, mis sikux crae MoXKJMBUi (pa30BU TEpeXis B PEXKUM IH-
KJIOTPOHHOT'O HaJIBUIIpOMiHeHHsi. Po3risinyTo ymoBu ¢hopmy-
BaHHsI BUXPOBUX 30ypeHb. 3HalijleHO HeJliHifiHe DIBHSHHS, sIKe
OIIMCYE BUXPOBY AMHAMIKY €JIEKTPOHIB, Ta BUBYEHO HOro Ha-
CJIAKH.

Katwvwoei caoea: tuHaAMIKa €JI€KTPOHHOIO IIy4Ka, HOJBii-
HUN eJIEKTPUYHHUI I1ap, MEXaHI3M BiOUTTs eJIeKTPOHIB, i0HO-
cdepa lo, nnazma, Buxopu.
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