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The possibility of existence of spherically symmetrical quasi-neutral collective coupling states (CCS) in collision-
less plasma is discussed. Correlation phenomena in quasi-neutral systems with hot electron component moving with
average velocity close to ion one may occur in greatest degree and guide to the advantage of CCS forming. CCS
consists of large numbers of electrons and ions, and represent regions with the potential differing from average (zero)
plasma potential. The concept of CCS can be considered as non-linear BGK-waves. This definition is just applied in
great degree for equilibrium configurations with non-linear electrostatic field. The simplest spherically symmetrical
configuration has been considered without spin and polarisation in the frame of kinetic description for monochromatic
on energy electron and ion components and distribution functions on full momentum in forms of simple power
functions of different powers for electrons and ions. Asymptotic analytical and full numerical solutions were found for
CCS with captured and passing particles turning into final density neutral plasma created chaotically moving electrons

and ions in rest.
PACS: 52.40.M;j

1. INTRODUCTION

In moving plasma medium formed for example during
neutralization processes of high-current ion beams by
electrons spontaneous growth of the phase volume of ion
beam and fast thermalization of electron component are
observed [1, 2]. The main paradox of the problem of
neutralization is in the following: initially, there are two
cold flows of electrons and ions, finally, there is one
mixed electron-ion flow of larger entropy [3]. Therefore,
it can be supposed that the growth of entropy is the
consequence of neutralization processes. Estimations of
different processes via pair Coulomb collisions do not
allow to explain observed phenomena.

Below we shall consider an intermediate stage of less
entropy than the neutralized stationary state. It permits to
allow fast thermalization of the electron-ion flow. The
main concept of this stage is collective coupling state
(CCS). The moving regions of potential significantly
differing from the average (zero) potential of mixed
electron-ion flow are the manifestation of CCS. The
correlation phenomena appearing in moving quasi-neutral
medium arise from the CCS Coulomb (collective) energy
negativity, i.e. the possibility of existence of CCS is
energetically profitable. Such regions consist of large
number of electrons and ions and the cross section of
neutral (in the sense that the potential decreases as faster
as 1/r) CCS interaction may be large enough to lead to
fast thermalization of the system (the cross section of
CCS interactions is proportional to (Z¥M)*, where Z is
the full ion charge, M — the mass of CCS). The CCS
concept can be called also as non-linear BGK-waves [4,
5]. This term is just applicable to steady-state states with
nonlinear electrostatic fields.

2. SPHERICALLY-SYMMETRIC CCS

Here we try to construct the simplest spherically-
symmetric CCS in the ion frame. We shall find neutral
CCS (the electrostatic potential drops faster than 1/r)
transferred to the neutral plasma consists of chaotic

moving electrons and ions at rest in the limiting case of
large radius.

The Lagrangian of a non-relativistic particle in
spherical coordinates r, 8, ¢ is given by A = (1/2m)(p? +
+pe’+ Po’) - e + (e/me)(p:A; + peAe + PoAy), where p,=
mr', pe = mrf', p, = mr¢’sin 6 are mechanical momenta.
Since we are interested in spherically symmetric CCS, the
conditions for the components of the vector-potential are
A;= Ay = Ag = 0. There are known three constants of
motion of a particle in the field of central forces: H —
Hamiltonian, N — full momentum and L — the projection
of the full momentum on the polar axis. Transformation
from mechanical momenta to H, N, L is given by
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where the plus and minus signs represent ions and
electrons, respectively.

The distribution functions of the particles should not
depend on L in the case of spherically symmetric states
and we define these as follows

[, = f/0(H =H)F(N), [, = f6(H = H,)F/(N).(1)

To simplify calculations and evaluate restriction to

the behavior of the particle distributions, we take the
N-distribution in the following form:

F(N)=N°,F(N)=N". ()

The constants H. and H; are defined from the conditions:

the full energies H; = 0 (ions at rest) and H. = W provided

¢ = 0. Using equations (1), (2) one obtains the charge
densities of electrons and ions:
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where dimensionless electrostatic potential ® = e¢p/W and
the integration is performed on the areas of nonnegative
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values of the radical functions. Using equations (2) and
(3) and defining the quantities E and I:
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where B is beta-function - Euler integral of 1-st kind, the
charge densities can be written as
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Defining dimensionless radius and parameter G by
x= r]l/(,B+2)’G — E[(a+2)/(,8+2)’ 6)

the equation for self-consistent potential can be written as
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x'dx  dx ( ) ?
This equation describes spherically symmetric BGK-
waves and can be compared with the Thomas-Fermi
equation that is obtained under somewhat different
conditions: distributed ion charge instead of point charge
and non-Fermi statistics of energy distribution.

The boundary conditions are defined as

®(e0) — 0,®'(w) - 0,
i.e. Pe( 0 ) » pPi( 0 ) — const. The potential of CCS has
to be dropped faster then 1/x when x — 0 , i.e. we shall
seek neutral CCS. The charge densities have to be
integrated and the electrostatic potential has to be limited
at the center of CCS.

In the following we restrict our consideration to the
case of uniform electron distribution on N (0 = 0) which
satisfies the condition ps( © ) — const. Assuming o =0
equation (7) becomes

— X — = =GN =D +x D" (8)

3. QUALITATEVELY ANALYSIS AND
ASYMPTOTIC SOLUTIONS FOR CCS

Under given boundary conditions the neutral CCS
can exist in the following intervals of the exponent 3 of
ion distribution function:

o > 3 > 1, here ¢ drops asymptotically

faster than 1/x and slower then 1/x%
-1>[3>-2, here ¢ drops asymptotically faster than
1/x%

If B < 0, the ion and electron densities at the center of
CCS diverge proportionally x? and x"', respectively. The
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condition of limited value of the potential at the center of
CCS is satisfied under the condition of 3 > -2.

The asymptotic solution of equation (8) satisfying the
given boundary conditions has the following form:
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where t = 1/x.

Equation (8) was solved numerically to satisfy the
asymptotic (9). There is only one value of the parameter
G for each values ®(0) and [ satisfying the boundary
conditions.

If B > 1 the central part of CCS is formed by passing
particles coming from infinity ad going to infinity and has
negative (electron) charge. In the case if -2 <3 <-1 the
central part of CCS is formed as passing as captured
electrons and captured ions, and has positive (ion) charge.

It will be noted that another equilibrium state can be
described be equation (8). This state is not transferred to
neutral plasma. Let us change the boundary conditions as
follows:

®(o0 ) - 1and P'( 00 ) - 0 faster than 1/x.

It is seen that such states can exist only if B < 0, but
electron and ion densities diverge as x* when x — 0. As
distinct from the above considered case, here ions move
and electrons at rest when x — 00 . Neutral CCS can
exist only if B < -1/2. While the densities diverge at the
center of CCS the potential is limited and electric field is
zero if -1 <B <-1/2.

CONCLUSIONS

It is shown the possibility of existence of spherically
symmetrical quasi-neutral collective coupling states
(CCY) in collision-less plasma. The concept of CCS was
discussed. The simplest spherically symmetrical
configuration has been considered without spin and
polarisation in the frame of kinetic description for
monochromatic on energy electron and ion components
and distribution functions on full momentum in forms of
simple power functions of different powers for electrons
and ions. Asymptotic analytical and full numerical
solutions were found for CCS.
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CBSI3BAHHBIE COCTOSIHUS B IBUKYIIEVCSI KBASUHEWMTPAJIBHOM CPEJIE
A.B. Azachonos

OO0cyxmaercsi BO3MOXKHOCTh CYLIECTBOBAHHSI C(EPHUYECKH CHMMETPUYHBIX KBa3WHEWUTpPAIbHBIX KOJUIEKTHBHBIX
cBszaHHbIX cocTosiHM (KCC) B 6ecCTONKHOBHUTENBHON IUTa3Me. B KBasMHEHWTpaJIbHBIX CHCTEMaX, OOpa30BaHHBIX
ropsiaeit AEeKTPOHHON KOMITOHEHTOH, ABIKYIIEHCS CO CpeIHEH CKOPOCTHIO OJIM3KOM K CKOPOCTH MOHOB, CYIIECTBEHHO
BBIpaKEHBI KOPPEISIIMOHHbIC siBNIeHNs, oOycnasnuBaronye popmupoanne KCC. KCC ob6pazyrorcsi 60IbIINM YHCIOM
JIEKTPOHOB M HMOHOB M NPEACTABIAIOT COOOH 00JIaCTH € MOTEHIMAJIOM, OTJIMYAIOMIMMCS OT CPEIHEero (HyJeBOIo)
norernmana mia3Mel. KCC MoxxHO paccmarpuBath Takke kak HenuHelHble bI'K-Bonnbl. [Tocnennee onpenenenue kak
pa3 B OoJIbIIIEH CTENIEHH MCIIOIb3YETCs ISl ONMCAaHKs PABHOBECHBIX COCTOSTHUN C HEJIMHEHHBIMU 3JIEKTPOCTAaTHYECKUMU
nonsiMu. B kauecTBe ImpuMeEpa B paMKaxX KHMHCTUYCCKOI'0 OMMMCaHWA, B KOTOPOM DJICKTPOHBI U MOHBI MOHOXPOMATUYHBI
[0 SHEPruM, a paclpeleseHHs [0 MOMEHTaM BbIOpaHbl B BHUJIE MPOCTBHIX CTENEHHBIX (YHKIMHA C pa3iduyHBIMH
MOKA3aTeNSIMU JUTS 3JIEKTPOHOB M MIOHOB, PACCMOTPEHBI MPOCTEHINNE CHEPHIECKN CHMMETPUYHBIE KOH(UTypamu, He
o0JiaaroIye COMHOM U noJisipu3anueil. I1orydeHsl aHaIuTHYECKHE aCHMIITOTHYECKHE U MOJTHBIC YUCIICHHBIE PEIICHNS,
omuceBarone KCC ¢ 3axBauyeHHBIMH M TIPOXOJSIIMMH YaCTHLIAMH, NEPEXOSIIMMH B HEHTPAIbHYIO ILIa3My
KOHEYHOH ITOTHOCTH, 00Pa30BaHHYIO XaOTHUYECKHU JBHOKYIIUMUCS SJICKTPOHAMHU M TIOKOSIIIMMUCS HOHAMHU.

3B'SI3AHI CTAHHU B KBA3IHEWTPAJIBHOMY CEPEJOBUIII, IO PYXAETHCS
A.B. Azachonos

OOroBOpIOETHCST MOKIIMBICTh iICHYBaHHS C()EPUYHO CHUMETPUYHUX KBa3iHEHTpalbHUX KOJEKTUBHUX 3B'S3aHHUX CTaHIB
(K3C) y Oe33imToBxyBanbHii TuIasMi. Y KBa3iHEHTPAIbHUX CHCTEMaX, YTBOPEHHX TapsSdnM eJICKTPOHHUM
KOMIOHEHTOM, IO PYXA€THCS 13 CEpeIHBOI0 MBUAKICTIO OIM3BKOI IO MIBUIKOCTI 10HIB, iCTOTHO BHpaXkeHi KOpEIALifHI
siBHIIA, Mo o0ymoBioioTh (opmyBanHs K3C. K3C yTBOpIOIOTBCS BEIMKHMM YHCIOM EJIEKTPOHIB 1 10HIB 1 SBISIOTH
co00r0 00JacTi 3 MOTEHINaIOM, IO BigPi3HAETHCS BiJ cepemHbOro (HyIhOBOTO) moteHmiamy mmasMu. K3C moxHa
posrisaati Takox sk HeniHidHl BI'K-xBmmi. OcraHHe BU3HaYeHHS caMe B OLTBIIOMY CTYIEHI BUKOPHCTOBYETHCS LIS
OITMCY PIBHOBA)XHHUX CTaHIB 3 HEJIIHIHHUMH €JIEKTPOCTATUYHUMH TOJISIMH. SIK IPUKIIaJ y paMKax KIHETHYHOT'O OIUCY, Y
SKOMY EJIEKTPOHU il 10HM € MOHOXPOMAaTHYHMMH IO €Heprii, a pOo3MOAIA M0 MOMEHTaX O0paHi y BHJI MPOCTUX
CTeNeHeBUX (YHKIH 3 PI3HUMH NMOKa3HUKAMH VIS EJIEKTPOHIB 1 10HIB, PO3IIISIHYTI HAalNpoCTill chepuuHO CUMETPHYHI
KOH(ITypaIlii, o He MalOTh CIHH 1 HosIpu3alifo. OTprEMaHO aHATITHYHI ACHMITOTHYHI 1 IOBHI YHCENbHI pilIeHHS, 10
omucyroTh K3C i3 3aX0MIeHNMH 1 MHHAIOYAMA 9aCcTKaMH, IO MEPEeXOAITh y HEUTpalbHy IUIa3My KiHIIEBOI T'yCTHHH,
YTBOPEHY €IEKTPOHAMH, 1[0 XAaOTHYHO PYXalOThCs, 1 HEMOPYITHUMH i0HAMH.



