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The self-consistent formation, observed in experiments, of the solitary barrier for plasma electrons and ions has been

analytically described.
PACS: 52.25.-b

THERMAL BARRIER FORMATION FOR
PLASMA ELECTRONS IN ECR POINT

In [1] the formation of the thermal barrier for plasma
particles was observed near the point of electron cyclotron
resonance (ECR) in inhomogeneous magnetic field. In this
paper two mechanisms of similar thermal electric barriers
formation for electrons and ions of the plasma and plasma
flow in ECR points on ends of the magnetized cylindrical

trap are described (see fig. 1).
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Fig. 1. Scheme of the thermal electrical barriers

Jformation for plasma electrons and ions in ECR points on

ends of the magnetized cylindrical trap

We consider the case of inhomogeneous magnetic field.
Namely the magnetic field is minimum in the center of the
cylindrical trap and it grows to the ends of the cylindrical
trap. Near ECR point the transversal electron velocity Vi,
is increased. At electron motion from the system they are
reflected from the magnetic barrier back. Further the
electrons move inside the system. In the inhomogeneous
magnetic field the electron transversal velocity Vg(z)
decreases  Vy(z)=Vo(H(z)/H,)'?, but the electron
longitudinal velocity V|(z) increases V(z)=Vn(1-
H(z)/H,)" . It results in average electron velocity. Growth
of electron velocity leads to that electrons in the area, in
which they are penetrated, form noncompensated negative
charge &n.. According to Poisson equation it is the
perturbation of the dip of the electric potential, from
which the plasma electrons are reflected. Growth of the
electron longitudinal velocity with respect to the ions near
ECR point provides nonequilibrium state. The reflection
of the electrons with nonequilibrium distribution function
from the dip of the electric potential leads to growth of the
dip’s amplitude. So these current-carrying electrons excite

the electric potential dip with amplitude ¢, on an ion
mode with velocity V., close to zero, and are reflected
from it. From Vlasov equation for electrons and
hydrodynamic equations for ions one can derive evolution
equation, describing this dip. Really we use slow
evolution of the dip for its description. In zero
approximation, taking into account that the resonant
electrons are reflected from the dip, one can derive from
Vlasov equation the expression for electron distribution
function

fof-(V2-2e(0£A0)/m,) £V, V-A(d)sign(z) (1)

A@)=[2¢(¢.+p)/m.]”.

We use the normalized values: @=ed/T., N.=n,/n,:, N,
Ene/or, Qi=qs/e, Vu=(TJ/M,)"2. We normalize X on
Debye radius of electrons r4., Vj on Vi, time t on plasma
frequency of positive ions ", velocity of solitary
perturbation V. on ion-acoustic velocity (To/M.)". T., is
the temperature of electrons, n,, n,+ are unperturbed
densities of negative and positive ions, . is the charge of
positive and negative ions.

Integrating (1), one can derive the electron density in
first approximation on V,

ne=noexp(@)[ 1-(2A@VT[Pdx exp(-x?)-
2Vy(2/m)"Pdx (x*-@) Pexp(-x*)] (2)

Far from the dip the plasma is quasineutral ne(z)J, -«
=n.(z)l,-.~=1. From here one can derive, using (2), the
expression for potential jump near the dip

AG=V(2/19"*(1-exp(-@))/[1- VML dx exp(-x7)] (3)

From hydrodynamic equations for ions one can obtain
for perturbations of densities of positive and negative ions

M= Hir , Ny =Nes/ [1 -(iQ¢)2¢/ Mivcz] 1/2, (4)
O/ 07=£2(00/0t)(Noxqu/ MLV )X
x[1 —(iqt)q)/Mthz]/[ 1 -(J_rqi)zq)/Mthz]”

Substituting (2), (4) in Poisson equation one can
derive nonlinear evolution equation
0%,0+{Q V23 (1-20Q: V3/ V) 2 (1-0Q- V2. /V )+
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+Q,2N,V25,( 1+2 (pQ,st,/ ch)'3/ 2( 1 +(pQ,V25,/ ch) 120/ \A
+0.0 VA {Q AV (1-20Q. V2./V A+
+Q_2N_V25,(l+2(pQ,VZS./VC2)'3/ 2} - (5)

-{exp(@)-sign(z) V|(2/1)"* {(@/ (@) *exp(-@,)-
Ji.0'® dy(1-2y")exp(-y")(y*+@) ">+
+(1-exp(-@))[ 1-2/V[,"® dxexp(-x)]"x
X[exp(-@)/(@:+@) ' *+2(Q+@exp(-@)+
+4f,4® dy y(y*+@)"exp(-y*) VTT} }0,9=0

From nonlinear equation (5) one can show that the dip
propagates with the slow velocity V=0. From (5) one can
get also the growth rate of the dip small amplitude

Yoy (Viy Vine) (q:/€) (n/ne) 2 {1+
+[1/3-(n/n)(e/q:)](edo/ Te)(TV2) (Vire/2V))} (6)

One can see that the dip is formed at ratio of electron
current to thermal velocity Vi/Vu. larger than threshold.
The threshold decreases at decreasing of ratio of electron
and positive ion densities n./n. and equal zero at
n./n+<q./3e. The threshold is maximum at n./n.=1.

BARRIER FORMATION FOR PLASMA IONS
IN KIND OF ELECTRIC POTENTIAL HUMP
NEAR ECR POINT

As the electrons are reflected from the dip and the
flow ions pass with V.. through the dip freely,
noncompensated volume charge of ions is formed after the
dip, in which field the ions are slowing down and
reflected. This volume charge forms perturbation of the
electric potential hump. The ion flow enhances this hump
of the electric potential. We describe the quasistationary
properties of the hump, neglecting the nonequilibrium
condition. Taking into account the nonequilibrium
condition leads to the hump’s excitation, in other words to
growth of the hump’s amplitude. Further we will show,
that the electric potential hump is almost nonmobile in
space.

In linear approximation the perturbation excitation by
plasma flow, propagating relative to negative and
motionless positive ions, is described by the following
dispersion ratio:

1H1/(Kege) -0 /(WK Vo) =03, /63 -0hp/03=0.  (7)

Here w k are the frequency and wavevector of the
perturbation; . are the plasma frequencies of the
negative and flow’s positive ions; ), is the plasma
frequency of the positive motionless ions; rq. is the Debye
radius of electrons; V.. is the velocity of the positive ion
flow.

From (7) one can see that one can select the flow
velocity such

Vp11=QYk=(V0+/ 24/3) [(n.m+q.2/ n+mq+2)+
+(Nigq+q/ 1:q:)] <<V,
A=2 k=2 Tﬂde/(Vs+2n+q+2/Vo+2neez— 1 ) 1/2>>rde, (8)
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that the perturbation is almost motionless, that is
V<<V.. Vo=(T/m.)"? is the ion-acoustic velocity of the
flow positive ions. Here n, m, q. (n,, ms, q: ) are the
density, mass and charge of the negative (positive) ions.

From (7) one can derive the growth rate of the
perturbation excitation:

y=(1.5)"*(Voi/ree)[(n.m.q.*/n.m.q.*)+
+(n+qq+q2/n+q+2)] 173 (Vs+2q+/Vo+ze- 1 )1/2. (9)

On non-linear stage of the instability development the
electric potential perturbation ¢ represents the solitary
hump of finite amplitude ..

The distribution function of nontrapped electrons, that
is arranged outside the separatrix, looks like:

£.(v)=[n0s/ Vie( 279 "2Jexp(e¢/T-mev?/2Ty). (10)

For trapped electrons, that is for electrons located
inside the separatrix, the distribution function does not
depend on energy because of an adiabaticity of the
evolution.

Integrating the electron distribution function on
velocity, we receive following expression for electron
density:

ne=(n/(21)"?)(2/T)* [ de(e+ed) 2exp(-e/T). (11)

From hydrodynamic equations for positive ions it is
possible to receive following expression for their density:

n+:nu+/[ 1 '2q+¢/m+(vo+'Vh)2] I/Z. ( 12)

Here Vi, is the velocity of the solitary perturbation.

As a result from (11), (12) and Poisson equation we
have equation for the spatial distribution of the electric
potential of the perturbation of any amplitude:

@ =NTY[ “dac?(a+@)">-1/(1-2Q@vad) 2. (13)

Q=q./e, P=eP/T, «»=0/0%, X=2/Tue, Vor=(Vor-V1)/ V.
From the condition @|y-,=0 and (13) we obtain the
hump velocity, Vo

Vo /Q=(A-2)*/2(A-2-@),
A=(8/3VTD[ “,dac*(a+@)*>. (14)
In the approximation of small amplitudes from (13),
(14) we receive:

va'= Q, LR[15VTU4(1-172)]@ ™. (15)

If V. close to (g:/e)"*V, then the perturbation is
approximately motionless.

Taking into account the small densities negative and
motionless positive ions, we obtain from the Poisson
equation the evolution equation:

26503 0/0/(Voi- Vi) =-(0F, +0Fp) 0°0/0Z°. (16)



From (16) the growth rate of the non-linear
perturbation amplitude is followed:

VNL:U%(C(I)O/ T) 12 [(no-m+q2-/ no+m+q2+)+
+(Nogq /Mo q*)] "> . (17)

ELECTRON MECHANISM OF BARRIER
FORMATION FOR PLASMA IONS NEAR
ECR POINT

Let us consider the mechanism of the electric potential
hump formation by plasma electrons near the dip of the
electric potential.

The potential jump accelerates ions. Hence on first
front of the electric potential dip the ion density becomes
smaller. If into this region the electron flow penetrate with
electron velocity only a little smaller than electron thermal
velocity, hence on the first front of the potential dip the
electron drift velocity becomes more than electron thermal
velocity due to flow continuity law. Due to Bunemann
mechanism interaction of electron flow with this region an
electric potential hump is excited.

Let us describe a solitary perturbation in type of
electric potential hump. We will show that it represents a
nonlinear perturbation on a slow electron-sound mode. As
it is slow, resonant electrons can be trapped by such
perturbation.

From Vlasov equation the expression for perturbation
of electron distribution function follows. Integrating
which on velocities in case of small amplitudes of the
solitary perturbation ¢, one can derive the expression for
perturbation of electron density

dn'=0.$[y+(1-2y*)(1-R(y))/y]+
+HO'RY)HOP'[1-y*+(3/2-y)(R(y)-1)] (18)
R(y)=1+(yNT)f " dtexp(-2)/(t-y), y=Vi/ViV2

Here point means derivation on time, and prime is a
spatial derivation. Vi, ¢ are velocity and potential of
soliton. @=ed/T.. Substituting (18) in Poisson equation,
one can derive an equation, describing spatial distribution
of potential:

(@) =@RE)-1+2y-3)R()]9/6 (19)

Let us determine approximately the soliton width from
(19): Ax=(48T./9,)"”. The soliton width decreases with
amplitude growth.

In case of large amplitudes, edp/T>1, from Vlasov
equation we have the expression for electron distribution
function f=f,[(u*-2e¢p/m)"*+Visign(u)] for Dul=CV-V,0
>(2e/m)". Here f, is Maxwell distribution function.

Thus we obtain the equation for the soliton shape

(@)=
=@+ L="dt(t-yYexp(-t) {[1+@/(y-1)"]*-1} (20)

From (20)

Ax=[2edo/T(V2-1)]"* 21
we conclude that the soliton width grows with @..
Therefore, it is necessary to take into account electrons,
trapped by the soliton field. Assuming distribution of their
density as nq(x)=mexp[ed(x)/T.], we derive similarly to
(21), that width and velocity of the soliton grow with
amplitude growth (in difference from case of small
amplitudes of the solitary perturbation).

Thus, at a neglect of ion mobility this solitary
perturbation is stationary and electron one. However at
taking into account of ion mobility it is necessary to
expect occurrence of slow growth of the perturbation’s
amplitude, as a result of Bunemann instability
development. In the following order of the theory of
disturbances from (18) one can derive the correction of
the next order to a spatial derivative from electron density

ne'=00[y+(1-2y*)(1-R(y))/y] (22)
This expression, as follows from a spatial derivative from
Poisson equation, should be equal to a spatial derivative
from ion density perturbation n;'. n' is possible to find in

linear approximation from ion hydrodynamic equations
&’n=(m./m;)¢" (23)
Equating the second time derivative from (10) and

first spatial derivative from (23), we obtain

0" p=(6m./m;)@" (24)
The solution of (24) we search as
A D)=@ON[xf' dtiOVo(@(11))] , (25)

n(x) is quasistationary shape of the perturbation,
assuming, that 0.@,(t)=y@(t). In (25) the change of soliton
velocity with change of its amplitude is taken into
account.

Substituting 0, through y@-dvy@’, we obtain from (24)

y:(me/mi)l/3(pol/2
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