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The possible dynamics of the electron beam, formed in the vicinity of o, the natural satellite of Jupiter, and injected toward Jupiter,
has been investigated analytically. When a beam penetrates the Jupiter plasma to a certain depth, the beam-plasma instability can be
developed. In this case, the distribution function of electrons is expanded additionally by excited oscillations. These electrons, when
their energy is of order of a required certain value, cause UV polar light. For closing of a current, the formation of a double electric
layer is necessary. The necessary parameters and conditions for the formation of a double layer with a large jump of an electric
potential at a certain height have been formulated, its properties, stability, behavior over time and beam reflection in its field for
closing of a current have been described. Reflection of the beam can lead to its vortex dynamics.
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BUHUKHEHHSA NPUCKOPIOIOYOTI'O I10JISI, POPMYBAHHSA 1 JUHAMIKA PEJATHUBICTCBKOI'O
EJIEKTPOHHOT' O ITYYKA B OKOJIMII IOIIITEPA
B.I. MaCJ]OBl’Z, LIL. .JIeBllylcl, C. HiKOHOBaZ, I.M. OHumenxo’
! Hayionanenuii Hayroeuii Llenmp «Xapriecokuii (isuko-mexuiunusi incmuntym»
61108, Xapxis, Axaoemiuna, 1
2 Xapriscoxuii nayionanshuii yuisepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapxis, 61022, Vxpaina

AHATITHYHO JOCTIKEHO MOXJIUBY IMHAMIKY €JIEKTPOHHOTO MydYKa, KUl (GopMyeTbcs B OKOMUII 1o - IpUPOTHOrO CymyTHHKA
IOmitepa Ta imkekTyeTbcss B HampsaMmKy lOmitepa. Ilpm npoHukHeHHI mydka B miasmy lOmiTepa Ha meBHY IMOMHY MOXe
PO3BUHYTHCS ITyYKOBO-TIIA3MOBA HECTIHKICTh. IIpum mbOMy KONMBAaHHA, SIKi 30YMKYIOTBCSA, ITOMATKOBO PO3MHUBAIOTH (DYHKIIIO
posmnoxiny enexTpoHiB. Lli eneKTpoHu, KO X eHepris MOpsAKY HeOoOXiTHOI eBHOI BEHMYMHY, BUKINKAIOTE YD moisipHe CsiBO.
Jst 3aMuKaHHS cTpyMy HeoOXimHO (opMyBaHHS HOABiiHOTrO enexTpuaHoro mapy. CopmyrpoBaHO HEOOXiqHI TapaMeTpr i yMOBH
(opMyBaHHS Ha JesKili BUCOTI NMOJBIHHOrO HIapy 3 BEJIMKAM CTPHOKOM EJIEKTPUYHOIO IOTEHIlialy, ONHCaHi HOTo BIACTHBOCTI,
CTIHKICTB, TIOBEIIHKY B 4Yaci i BiIOMTTS Iyd4ka B HOro moji Ui 3aMUKaHHS CTpyMy. BimOWTTs my4ka Mojke NPH3BECTH A0 ioro
BUXPOBOI ANHAMIKH.
KJIFOYOBI CJIOBA: nuHamika eNeKTPOHHOTO Myd4ka, MoyisipHe csiiBo lOmiTepa, MOABIMHUNA eNEKTPHUYHHNA IMIap, Iy4YKOBO-
I1a3MOBa HECTIHKICTh

BO3HUKHOBEHHUE YCKOPSIOIIEI'O ITOJIA, ®°OPMUPOBAHUE U TUHAMUKA PEJIATUBUCTCKOI'O
JIEKTPOHHOI'O ITYYKA B OKPECTHOCTHU IOIIUTEPA
B.U. MaCJIOBl’z, W.II. JIquyKI, C. Hmcononaz, N.H. OHuenxo’
' Hayuonanonwiii Hayunwiii Llenmp «Xapoko8ckuii pusuko-mexnuseckuti uHCmumymy
61108, Xapvkos, Akademuyeckas, 1
? Xapuvrosckuii nayuonansnoiii yuusepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna
AHaINTHYIECKH HCCIEIO0BaHA BO3MOXKHAS AMHAMHKA SIIEKTPOHHOTO ITydKa, (hOpMHpyeMoro B okpecTHOCTH Mo - ectecTBeHHOTO
cnyTHUKa fOmurepa n umxekTHpyemoro B cropoHy fOmurepa. IIpu npoHnKHOBeHNH IydKa B Ia3My fOmmrepa Ha onpeneneHHyo
IITyOMHY MOXET pa3BHUTBCS ITyYKOBO-IUIa3MEHHAs HEYCTOHYMBOCTh. [Ipm 3TOM B030yXkIgaeMmble KOJEOaHHsS JIONOJTHUTEIHHO
Pa3MBIBAIOT (DYHKIMIO DPACIPENENICHUST JJIEKTPOHOB. DTH IJIEKTPOHBI, €CIM WX JHEPIrUsl IMOpsSIKa OMNPENeNICHHOH BEeIMYHHBI,
BeI3bIBAIOT Y® momsipHOoe cusHue. [l 3aMBIKaHHMS TOKa HEoOXOIuMMO ()OPMHUPOBAHHE JBOMHOIO 3JIEKTPUYECKOTO CIIOS.
CoopmynupoBaHbl HEOOXOAUMBIE IapaMeTpbl U YCIOBHS (OPMHPOBAHUS HAa HEKOTOPOW BBICOTE ABOWHOTO CIIOS C OONBIINM
CKaYKOM 3JIEKTPUIECKOTO MOTEHIIMANIa, OMHCAHbl €r0 CBOMCTBA, YCTONUMBOCTD, OBEJEHHE BO BPEMEHH M OTPa)KCHUE IydKa B €To
TI0J1e JUTS 3aMBIKAaHUS ToKa. OTpa)KeHHe ITyYKa MOXKET IPHBECTU K €T0 BUXPEBOH AMHAMHUKE.
KJIFOYEBBIE CJIOBA: nmuraMuka 3JIEKTPOHHOTO ITy4Ka, MoJspHOe cusiHue FOmuTepa, NBOMHON 3JEKTPHUYECKUN CIIOH, ITy9YKOBO-
IUIa3MeHHasi HeyCTOWINBOCTh

In this paper, the possible dynamics of an electron beam in the vicinity of Jupiter, which leads to polar light of
Jupiter [1-10] and which according to model [11] is accelerated in the Io vicinity, has been investigated. Electron
bunches move along a magnetic tube from Io to Jupiter. Since the magnetic field lines of Jupiter meet at its poles, the
beam is focused while moving toward Jupiter, and the density of the beam electrons increases. When the beam
penetrates into the plasma to a certain depth, the beam-plasma instability (BPI) develops. In this case, the excited
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oscillations expand the electron distribution function. Thus, from their energy distribution function, a tail grows, which
determines the observed aurora in the UV range.

Since BPI in an inhomogeneous plasma develops locally, it can at some height lead to the formation of a double
layer (DL). The conditions for the formation of this DL have been formulated, its properties have been obtained, the
dynamics of plasma particles and the reflection of the beam back in its field have been described. After reflection from
Jupiter upper ionosphere electron bunches change the direction of motion (see [12]).

The effect of the space charge of a decelerated beam and its collision with particles of partially ionized plasma
lead to a gradual expansion of the decelerating beam. Thus, the reflected beam moves back on a larger radius, leading to
vortex dynamics.

The aim of the paper is the formulation and analytical description of the model of the possible dynamics of the
electron beam, formed in the vicinity of lo - the natural satellite of Jupiter and injected towards Jupiter, which leads to
polar light of Jupiter.

BEAM-PLASMA INSTABILITY
The energy of the beam electrons is too high to cause UV auroras. However, the BPI [3, 4], caused by them, can
form the tail of the electron distribution function up to the UV range (Fig. 1).
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Fig. 1. The distribution functions of the beam and plasma electrons formed at t,>t;>t, as a result of the possible electron beam
interaction with the Jovian plasma

Thus, when a beam penetrates into the plasma to such depth that the plasma electron density ng. becomes large and
at a significant focusing of the electron beam, so that its density n, becomes larger than some threshold, the BPI can be

developed [13, 14]. Growth rate y, of BPI equals
\/g n, v 1/3..1/6
(’Ope OCl’lb noe' (1)

Y b= PXE n_()e

n
Ybs ~ [_bJ O‘)pe (2)
n,

c

at a rapid stage of evolution and

at a slow stage of evolution. As growth rate vy, is proportional to n, and to the plasma electron density, the instability
develops at a certain height, where the electron density ny. of the inhomogeneous plasma is large.

PROPERTIES OF DOUBLE ELECTRIC LAYER, REFLECTING ELECTRON BEAM

Since the current must be closed, the beam at some height should be reflected and go back. Let us consider a
possible mechanism of beam reflection. The reflection mechanism from the ionosphere is associated with the formation
of double layers at entering the bunches of fast electrons with density ny=10* cm™ in the ionosphere at heights where the
density of ionosphere ions n; approximately equals to n, [12].

1D numerical simulation [15] has shown that at injection of an electron beam into a plasma, DL can be formed.
Let us show that at an electron beam injection from a source into the plasma with a density comparable to the plasma
density ny=n;, the formation of DL is possible, which reflects the beam from the plasma [16].

Let us study the phenomena, accompanying injection from a certain time from a source (for example, from a
natural satellite of Jupiter) to Jupiter plasma an electron beam with a density n, which is comparable to the plasma
density, n;.

At a beam injection from an isolated source into the plasma, the plasma electrons are accelerated towards the
source of the electron beam in the field of the potential drop arising between the source and the beam. At ny=n;, the
plasma electron current to the source is small compared to the injected beam current, j,=n,Vy,. The resulting reverse
plasma current is small, since plasma electrons close to the boundary are accelerated insignificantly, and those plasma
electrons, located in the interior of the plasma near the beam reflection region, are accelerated to velocities reaching the
injection velocity, but their density becomes much smaller than the beam density. Thus, the reverse plasma current does
not compensate the accumulation of a positive source charge. Therefore, the potential drop reaches the kinetic energy of
the beam. The beam returns to the source, being reflected from the potential jump and compensating the accumulation
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of a positive charge on the source. Then the potential can separate from the source and move inside the plasma with a
certain velocity V4. So DL is formed (the potential jump from @,=@(x=0) on the injection boundary to zero on Ax).
Let us consider DL that the perturbation of the ion density in its field is insignificant

64)02 <<n, . 3)
minl

|6ni| =n,

The appearance of charge separation in the form of two oppositely charged regions is necessary for the DL
formation. For an electron DL formation at an electron beam injection into the plasma, two groups of injected electrons
are necessary for this charge separation. The second group, in contrast to the beam, should be slow. The second group
cannot be plasma electrons that fly into the DL region and are accelerated in its field to velocity (V4 +2ep,/m)"?, since
their density deceases in DL to a small value n(Vy/Vy) . Vy, is the thermal velocity of the plasma electrons. A slow
group is formed by trapping a part of the plasma electrons by DL, which is rapidly formed, or it is injected together with
a fast beam. First we consider the case of injection of two groups.

Let us consider a semi-infinite plasma, x>0, into which, high-energy, V,>>Vy, Vuy, , and slow, Vy<Vy,<<Vy,
beams are injected with densities n, and n,, Vmb=(Tb/m)1/2 s Vtho=(T0/m)”2 - thermal velocities of electron beams. Since
the distribution function of the slow group of electrons after reflection from the DL becomes symmetric with respect to
the velocity of the DL V,, the average velocity of the slow group V can be set equal to V=V g<<c .

First, we find from the kinetic equation and the equations of the balance of energy and momentum fluxes the
stationary characteristics of DI.

Electrons move along trajectories

mc’(y —1)—e = const . 4)

In this case, plasma electrons in the DL rest system are accelerated in its field from -Vg to -c(1-y,%)"?, yo=[1-(V}-
VartVa)/c’]"? . At the same time, their density changes as
1
-2 75

ne(x)zne(ﬁj 1- (1—\’—;‘2‘} 2+(y0—1)3 , 5)
C

Y D

decreasing from n(¢=0)=n, to ny(¢p=@,)=n.(Va/c)(1-yo>)"* . Dynamics of the slow electron group is nonrelativistic, and
their density varies according to

ele—o
n,(x) = n, exp {u} (6)
T(J
One can see from (6) that the density of the slow group decreases exponentially and forms a positive charge at
0.<<@, . Densities of fast beam
L
1 uE
n,(z) =n, 1——2{1—(“ e“’zj } . 7
Yo mc
and of the plasma electrons (5) increase in a power law, which leads to a negative charge at 0<¢p<g, . ¢, is determined
from 6n(¢,)=0
Py Yo +1
=— -1t 8
%= _1{ > } ®)

One can derive that at ¢.=0o(2Vpu/c)y,” the beam reflection begins. As a result, quasineutrality is restored after DL.
Since the nonresonant beam electrons, passing through DL, penetrate into the plasma, where they are decelerated,

their density increases. Therefore, the quasineutrality condition behind DL (for x>>Ax) requires that V4 be less than the

thermal velocity of the plasma electrons Vgy<Vy, , and the density of the beam electrons, penetrating through the DL,

should be small n,,<<n, . Consequently
2

Py ® m: (YO _1)' ©)

All electrons transmit a momentum to DL. The fluxes of momenta transmitted to the DL by beam electrons,
passing through DL, by electrons of the slow group and by beam, which are reflected from DL, are equal to
emn V(Yo -1)"2 , noomc?(vo2-1)/Yo, 1o To, 2(Np-Npo)mc?(v,>-1)/y.> . In DL field only ions receive a momentum whose flux
is equal to nieq, . Electrons and plasma ions take energy from DL, whose fluxes are n.e@,Vq , nje@,Vq . The electrons
of the beam and the slow group lose energy when interacting with DL. The energy fluxes, which are transmitted to DL
by slow group, which are reflected from DL, and by passing through DL beam electrons, are equal to Vgn,T,, (n,-
Nbo)MC 2V (Yo 1)y 5 Npee@oc(1-y, )" . Using the equations for the balance of the energy and momentum fluxes, as
well as the quasi-neutrality condition on the beam injection boundary, one can obtain:
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Let us find the DL profile and estimate its width. From (6) we find that in the reflection region of the slow group
on(@y)=-n, , p is determined from dn(g,)/de=0 and equal to @/@,=1-T,/e@, . L.e. in a region, where the perturbation of
the charge density is determined by the change in the density of the slow group, the potential drop is insignificant. In a
region, where the perturbation of the charge density is determined by the change in the density of a fast beam upon its

deceleration, dn increases to @=@q . The maximum 0n is reached in the region of strong deceleration of the beam and it
is equal to dn(Pa)=np(2Vy/Vis)"*v*2. In neglecting small intervals (widths of @, and @,-¢,) near =0 and o=@, , we

obtain
8<p/8X) vo+1)<P/<po+2 )
dopd — . 11
I(Pn 0,99, (10 +1) o (11)
From here
xo N2
B P il (12)
Py CYo

Let us determine the width D:

(13)

2m —1)
(a(p/ax oo "4 \/ mn,
Yo
- _ 2, \172
And at y,>>1 Ax—(c/oop\/2)yo, o,=(4nnie”/m)"* .

We now consider the case of injection from a source into the plasma of only a fast beam. It follows from (13) that
for y,>>1 the double layer is formed during the time yo/oap\/Z . And the response time of plasma electrons to the formed
field, according to (11), is equal to

t°_®yff4¢j)() = (v./0,2)(6,/0, (1) (14)

Hence it can be concluded that during the formation time DL the plasma electrons do not have time to react to the
formed field. Before the beam is reflected and reaches the boundary, the plasma electrons close to it are thrown out to
the source under the action of the arisen field. When the plasma density is reached, which satisfies the inequality
n.(t)<n;-n, , the self-consistent potential ceases to be monotonic. The potential grows inside the plasma from @,(t) to
¢1(t). Further, inside the plasma the potential falls sharply from @;(t) to zero. This distribution of the potential keeps
from the ejection to the source of the part of the plasma electrons which were during the DL formation in its vicinity, to
neutralize, together with the charge beam, plasma ions. These trapped plasma electrons form the slow group necessary
for DL formation. After completion of DL formation, the plasma electrons, fly into DL region, are accelerated toward
the beam.

Let us consider the stability of the relative motion of electron fluxes. From (4), (5) - (7) we have an equation
describing the excitation of HF perturbations in the DL neighborhood:

o (l_a)[(z—y)i+(z+y)72}:0. (15)

7’ 2y,

a=ny/n; , Z=0/®, , y=ky/o, . It follows from (15) that HF noise is generated in the DL region due to the development of
BPI. They lead, as noted above, to the spreading of the electron distribution function. In [15, 17], noise does not lead to
a significant DL destruction due to: spreading of the electron distribution function; inhomogeneity of the potential,
which ensures the violation of the wave-particle resonance condition and the large relative noise velocity and DL.

Since DL moves slowly inside the plasma, the density of trapped electrons n, decreases in the case of nonmonotonic
DL, since the localization region of these electrons increases. The study of the stability of electron fluxes with respect to
LF perturbations on the basis of equation

o _(1—0()

+ —_—
(kd,)” 27
d,=(T,/4nn.?)"* , shows that when the density of the trapped electrons falls below the critical value

[(z—y)’2 +(z+y)’2]:o. (16)
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(Vaw/ V) > o +(kd, )’ (17

3

0
DL becomes unstable with respect to perturbations with the phase velocity equal to V. Numerical simulation [17] has
shown that in this case DL, which has shifted into the plasma, decays, forming a vortex in the electron phase space and
a new DL appears on the boundary.

It was shown in [16] that DL can be formed in a beam-plasma system only, as observed, when ny~n;.

Thus, it has been shown that injection from a source into a plasma of an electron beam with n,~n; can lead to the
DL formation.

DL reflects the beam back, so the electron velocity distribution function at the injection boundary has three
maxima, which was observed in [15].

If the beam and plasma parameters differ from those, necessary for the formation of a monotonous DL, then
within some limits of such a deviation near the DL in its low potential region a potential dip can be formed. The depth
of the dip is self-consistently adjusted to the parameters of the beam and plasma, facilitating the DL formation and the
beam reflection. In particular, the potential well, reducing the fraction of the beam passing to the low potential region,
ensures quasi-neutrality in this region. The potential well in the region of low potential of DL is also formed due to 3D
beam dynamics and the limited radius of the beam.

A similar spatial distribution of the electrostatic potential and the behavior of the beam were observed in the
experiment and in numerical simulation [15]. The injection of an electron beam into the plasma in numerical simulation
[15] leads under certain conditions to the DL formation.

So, DL is formed at a fast beam density, which takes values in a small interval near n,/n=1/4 . The considered DL
moves with a velocity much less than the beam velocity. The DL width is comparable to the wavelength of the most
unstable mode of beam instability. The perturbation of the ion density in the double-layer field is small.

It should be noted that the electron distribution function remains unstable. Indeed, in [15], excitation in the DL
region of weak electron oscillations has been observed.

VORTEX DYNAMICS
The radial defocusing effect of the space charge of a decelerating beam and its collision with particles of partially
ionized plasma lead to a gradual expansion of the decelerating beam. Thus, the reflected beam moves back on a larger
radius, leading to a vortex-type dynamics Fig. 2.

Region of
DL &vortex

.l'—A—\
..

Satellite Beam —/
- > Jupiter
Region of BPI & }

Polar Lights

Fig. 2. A vortex dynamics of decelerating and reflected by double layer electron beam near Jupiter

CONCLUSION

So, the possible dynamics of the electron beam, formed in the vicinity of lo, the natural satellite of Jupiter, and
injected toward Jupiter, has been investigated analytically. When a beam penetrates the Jupiter plasma to a certain
depth, the beam-plasma instability can be developed. In this case, the distribution function of electrons is expanded
additionally by excited oscillations. These electrons, when their energy is of order of a required certain value, cause UV
polar light. For closing of a current, the formation of a double electric layer is necessary. The necessary parameters and
conditions for the formation of a double layer with a large jump of an electric potential at a certain height have been
formulated, its properties, stability, behavior over time and beam reflection in its field for closing of a current have been
described. It has been shown that reflection of the beam can lead to its vortex dynamics.

To confirm the adequacy of the proposed model to the observed phenomena the electron distribution function in the
vicinity of the region of reflection of high-energy electrons, both before and after the reflection area along the current
tube should be measured in future observations. It is also necessary to measure the electron distribution function in the
current tube in the interval between the natural satellite Io and Jupiter.
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