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The equilibrium and the non-local stability problem of cylinder plasma, consisting of magnetized electrons and un-
magnetized ions, having been born at rest under the ionization of the residua gas, are considered. The equilibrium dis-
tribution function of such ions is used. The dispersion equation of eigen helical plasma waves is obtained analyticaly
and solved numerically for various azimuth wave numbers. For the lowest radia modes the instability of «negative
mass»-type is possible having the frequency of the order of ion radia oscill ation one and the growth rate up to 0.5 of it.
PACS: 52.20.Dq; 52.25.Dg; 52.27.%; 52.35.-g; 52.35.Fp; 52.35.Qz; 41.20.Cv

1. INTRODUCTION

Plasmas in crossed fields, consisting of magnetized
electrons and unmagnetized ions, are formed in various
devices: in plasma lenses, in plasma ion sources based on
Penning cell, in the channel of electron and ion beam
(secondary plasma). The peculiarity of ions of these
plasmasisthat they are being born at rest under ionization
of residua gas. The peculiarity of operating regimes of
these devices is strong radial eectric field for ions over a
wide range of field changing. Under action of such afield
the born ions perform radial oscillating motion along
strongly extended on radius trgjectories. The frequency of
these particle oscillations is caled the “modified” cyclo-
tron frequency of W (We>w, , w, - istheion cyclotron

frequency). Their amplitude is comparable to the radius of
the plasma cylinder a. The transversal wave length is of
the same order of magnitude. Under these circumstances
the non-local treatment of plasma stability is required. It
has been carried out in [1-3] under strong restrictions us-
ing the variables “cylindrical coordinates — momentum”
(r,j,v,,v,2zV,). Inpresent work the non-local prob-
lem on the plasma sability is considered using the inde-
pendent variables R,q (cylindrical coordinates of Larmor
centre of a particle), r ,J (its coordinates on Larmor cir-

cle), z, v,[4] without theserestrictions.

2. PLASMA EQUILIBRIUM

Plasma consists of electrons and of one sort of ions of
small density and is bounded with a metal cylinder casing
of radius a. It is supposed, that the electric potentia in

plasma Y (r) obeys a square-law function of radius r
(Y(r)=Y (a)(r*/a*), Y (a)- eectric potential on bor-
der of the plasma). The radial electric field can be caused
by non-neutrdlity of the plasma (n,* n), by a spatia
charge of a beam of the charged particles penetrating
through plasma, by introducing in plasma of specia elec-
trodes biased corresponding potentials.

The electrons are magnetized being distributed uni-
form in radius with density n, =const, r <a. In crossed
fields they rotate rigidly around the axis of the plasma
cylinder with the frequency of w,=-cE /Br=

=2cY (a)/(a’B) = const >0 having the Maxwdlian dis-
tribution in rotating frame of reference. In present article
the eectrons ae assumed to be “hot”,
(W -mw )/(knre)<< 1 (v isthe thermal velocity of eec-
trons, m is the azimuth wave number, k, islongitudinal
wave vector and w is wave frequency).

The ions have been born at rest radialy homogene-
ous with the total density N =const (0O<r <a) under
ionization of the residua gas and move then without col-
lisons under action of crossed fields. The ions can be
magnetized or unmagnetized depending on the strength
ratio between electric and magnetic fields. The equilib-
rium digtribution function of such ions hasthe form [1]

N m
F(e.,M,v))=——Y(eY (a)-e, )xd(e,-w.M )>xd(v 1
(0. M) =Y (v (@) (e wM)(v) ()
In (1) T=2p/W isthe period of radial oscillation of an
. 2 1/2 2 2\1/2

ion, W= (wd-4eEr/mr) =(wci+8eY(a)/ma ) , €.,
M - the transversal energy and the generalized angular
momentum of an ion in amagnetic field, m - mass of an
ion, Y - Heaviside step function, d - Dirac delta function.
Thefactor d(e. - w,M) reflects the fact of a birth of ions

at rest and makes the distribution function similar to
“rigid rotator” one. The factor Y(eY (a) - e.) reflectsthe

fact of absence of ions with energy e. > eY (@) and makes
the distribution function similar to Fermi—Dirac one.

3. PROBLEM of PLASMA STABILITY
Running helix waves, having the potentia
B=F_ (exp[i(m +kzwt)] ae consdered. Un-

known radia function B _(r) is represented in Bessel
¥

function expansion: B, (r)=g§ CJ, (k,, r/a)/N},
=1

(C,, - the expansion coefficients, k., - | -sroot of Bes-

sl function J,, NI, = (1/\/5)‘J‘n1+1(km,l) )-

For considering the plasma stability Vlasov equation
for ions and Poisson one should be solved jointly. Ob-
tained in [5] the solution of linearized Vlasov equation in
the independent variablesR,q,r,J , introduced according

to therelation r exp(ij ) = Rexp(iq) +r exp(iJ) (¢ =w",
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b =w; ), is used. The equilibrium ion distribution func-
tion (1) should be expressed over new variables R,r . By

integrating the solution of linearized Vlasov equation over
the veocity space, the ion density disturbance # is ob-

tained. Subgtituting fi in Poisson equation and multiply-
ing both parts on Bessdl function J, (k,,r/a) one

should integrate the obtained equation over coordinate
space. It is necessary to proceed from variables f, vV to

variables R, q,r,J, z,v, and take into account, that
Jacobian is equal to WPRr [5]. In result it is obtained the

homogeneous system of the linear eguations for expan-
sion coefficientsC! :

(L, - b*A)C, =0.
The diagonal matrix Ly = (1+k

2
2 b%)dy describes the
mk ki
contribution to Poisson equation of Laplacian of B,
which takes into account charge separation, and density
disturbance of "hot" electrons (b? = ((a®/r3,) +k?a®)™,
Ioe- the electron Debye radius, dyy - Kronecer symbol).
A symmetric matrix Ay describes the contribution of ions

(w; =4peN/m, 7 =k, |w

=W- rTNV+)

WzI o s 1 1 2.2 1‘ N .
A= NN lV D m+p(a)3m+p(zk)J (z)3, (zk)+ o = O (%) 31, (2203, (27 X) I, (2 X) +
m =y W, p wV 0o
3 gw;
ém @1 1da L . . L\H
+g\,\_,2 Pew w i o g pogﬁ x € &mes (7 %) I (% )89, (3 x)Jp(zkx)%. )
sw g

Expresson (3) is valid within the total range of the
"modified" cyclotron frequencies of ions (w¢~ W), for
arbitrary strength of magnetic and radia electric fields,
azimuth wave number mand longitudinal wave vector k.
As seen from (3), in the strong eectric field (W>>w ) the
normalized frequency spectrum in the ion rotating frame
of reference wd/ W does not depend on ion mass, i.e the
spectrum wd/ W is universal.

The dispersion equation for the plasma waves has the
form det(L, - b*A,)=0. It was solved numerically for
the waves with various azimuth wave numbers m.
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4. SPECTRA of PLASMA OSCILLATIONS
The obtained spectra of oscillations (w® W-in the
rotating and w/W- in the laboratory frames of reference)
are presented in Fig.1 depending on parameter b2
(107 5 £b% £5%0° 1) for ions of atomic nitrogen at den-
sty N=10"cm?®, B,=200Gs, k, =lcm, a=1Icm,
Y(a)=1V. The chosen value of electric potential
Y (a) corresponds to a strong electric fied for ions of the
atomic nitrogen (w / W» 0.18).
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Fig.1. The spectra and growth rates of plasma oscillations depending on parameter b2 for aZimuth wave numbers
m=1,2,3 4. The unstable sections of spectra are plotted by thick lines with circles and are marked with numerals
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The curves form families located close to the ion “modi-
fied” cyclotron frequency (both above and bdow it) and its
harmonics induding zero-order one. Different curves insde
the family correspond to different radid modes The lowest
radia modes are located further from integer vaue of “modi-
fied” cyclotron frequency. The curves, bdonging to the adja-

cent families, approach each other with the parameter b? in-
creasing. Some lowest radia modes (zero-order and less often
firg-order) can intersect. These modes become ungtable. There
is the indability of the “negative mass’ type [€]. It is charac-
terigtic of osdllators by what the ions of plasma esstidly
are The benaviour of curvesin fig. 1issimilar to benaviour of
elgen waves of dectron unbounded homogeneous plasmawith
didribution function of oscillator-type ([7], chapter 7, 9).
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Fig.2. Thefrequencies (Re(w/W) ) and growth rates

(Imw/W) of all unstable modesin laboratory frame of
reference. The parametersarethe same asin fig.1.
Figures above columns specify azimuth wave numbers

The maximum growth rates achieve some tenth parts
(up to 0.5) of the ion “modified” cyclotron frequency W.
As a rule, one - two lowest radial modes with large
growth rates (Imw/W~0.2- 0.5) are present in a spec-
trum a m3 2. In the latter case the frequencies of two
ungtable modes are very close to each other. On changing

parameter b2 over some orders of magnitude the real part
of normalized frequency of unstable modes (Re(w® W))
change insignificantly, less than by 0.1. It's interesting
that in the laboratory frame of reference nearly all unsta
ble wavesrotate in a positive direction (Rew/m>0) and
their frequencies are of the order of Rew ~W (Fig.2).

At m=0 all radia modes are stable. At m=1 only
one mode is unstable with smal growth rate
(Imw/W~0.02, Rew/W> - 1.3).

Calculations were carried out alsoat N =10°cm® and
Y (a) =452V . This potential is created on the bound of

the electron plasma with density n,=10°ecm®. In this
case wW; /W» 0.0087 . The obtained spectra of plasma

oscillations are stable. The curves are located close to the
integer values of w'/W.
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in Plasmas,

PABHOBECHE U YCTOMYUBOCTH UJINHIAPUYECKOM IJIA3MBI,
COCTOSIEN U3 HE3BAMATHUYEHHbBIX HOHOB, POANBHINXCS B COCTOSTHUU ITOKO4],
N 3AMATHUYEHHBIX 2JIEKTPOHOB, B CKPEHIEHHBIX ITOJISIX

10.H. Enuceees

PaCCManI/IBaIOTCSI PaBHOBECHUC M HCJIOKAJIbHAA 3a/1ava 00 YCTOI\/'I‘H/IBOCTI/I HI/IJ'II/IH,HpI/I‘IGCKOI\/’I IJIa3MBI, COCTOHIIIeﬁ u3
3aMAarHi4CHHbIX DJJICKTPOHOB W HCE3AMAarHMYCHHBIX HMOHOB, KOTOPBLIC DPOAWIUCH B COCTOAHMH IOKOA IIPpHU HWOHU3AINHN
OCTaTO4YHOI'o0 rasa. I/Icr[0m>3yercsl PpaBHOBECHAA (1)yHKL[I/I$I pacrpeACiiCeHrs I TaKUX HWOHOB. I[I/ICHepCI/IOHHOG YpaBHCHHC
COOCTBEHHBIX CITUPAJIBHBIX TUIA3MCHHBIX BOJIH IMOJYYCHO aHAJIMTUYCCKHU U PCHICHO YUCJICHHO JI Pa3JIMYHbIX a3UMYTAJIbHbIX
BOJIHOBBIX YHUCCII. I[.Hﬂ HU3MINX PAAATIbHBIX MOJ BO3MOJKHA HGYCTOP’I‘IPIBOCTL THIIA «O’I’pPIIIaTeJ'ILHOﬁ MAacCBD» C 9aCTOTOM
TNopsAKa 4aCTOThI paAUaJIbHBIX OCIII/IJ'IJIS[III/Iﬁ HMOHA 1 MaKCUMAJIbHbIM UHKPEMCHTOM /10 0,5 9TOM YaCTOTBL.

PIBHOBAT A TA CTIMKICTbh IIAITHAPAYHOI IJIA3MH,
1O CKIIAJAETBCS 3 HE3AMATHIYEHNX UOHIB, AIKI HAPOAUJINCS Y CTAHI CIIOKOIO,
TA 3BAMATHIYEHHUX EJIEKTPOHIB, Y CXPEIIEHUX ITOJIAX

I0O.M. €Enicece

PosrisinaeTbes piBHOBara Ta HeJIOKaJbHA 3a/jada CTIHKOCTI IMTIHAPHYHOI IJ1a3MH, IO CKIAJAa€ThCs 3 3aMarHiYeHux
€JIEKTPOHIB Ta HE3aMarHIYeHUX 10HIB, SKi HAPOJWINCH B CTaHI CIIOKOIO IPH i0HI3amii 3aIHUIIKOBOTO Ta3y. Bukopucro-
BYETECS piBHOBa)kKHA (DYHKIIiSI pO3TOALUTY TaKuX 10HIB. /lucrepciiiHe piBHSIHHS BIIACHUX CIIpATbHUX IUIA3MOBUX XBUIIb
oJIep)KaHe aHAIITHYHO Ta PO3B’S3aHE YHCENBHO Ul PI3HUX a3MMYTaIbHHX XBHJIBOBHX 4Yncel. [ HIKYMX pajiaib-
HUX MOJI MOKJIFBA HECTIMKICTh THITY «HETaTUBHOI MAacH» 3 YACTOTOIO MOPSAKY YaCTOTH PaTiabHAX OCHWIIALINA i0HA Ta
MaKCHUMabHUM iHKpemeHToM 10 0,5 i€l yactorw.
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