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We consider the possibility of enhancing the ionization charge states of beam ions by electron vortices excited in
cylindrically symmetric plasma optical systems of finite length with crossed radial electric and longitudinal magnetic fields.
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INTRODUCTION

Electron vortex structures can be excited in
cylindrically symmetric systems of finite length with
crossed radial electric and longitudinal magnetic fields. In
this paper, we consider the possibility of enhancing the
ionization charge states of beam ions by such electron
vortices. We show that the electron velocity in the vortices
can be sufficiently large to increase the ionization charge
states of beam ions.

The cylindrical configuration that we consider here
makes use of a number of ring electrodes along which an
electric potential is distributed. We show that maximum
ionization is achieved for minimum ion beam velocity
through the vortex region. Though electron-ion collisions
provide ionization, they also result in electron transport, in
turn leading to reduced electron density. Increased
magnetic field results in improved electron confinement.
However, for large magnetic field the electron distribution
is laminar, resulting in reduced ionization. For a given
value of magnetic field, a specific number of discrete
electrodes are required, along which the externally applied
electric potential is distributed, or (alternatively) for a given
number of the electrodes the maximum ionization is
reached at a certain magnetic field.

The experimentally observed dependence of electron
density n. on magnetic field H, has been analytically
investigated. For H, less than the optimum magnetic field
Hop the electron density increases with H,; for H, somewhat
greater than H,y, n. falls with increasing H,; and for H, much
greater than Hy, n. increases with H, increasing.

We consider the possibility of increasing the
ionization charge states of beam ions by electron vortices
self consistently excited in the plasma-optical system. The
intensity of the excited vortex turbulence is proportional
to magnetic field H,, and the confinement of electrons is
improved with increased H,; thus the system calls for
large H,. It is necessary to use a certain minimum number
of cylindrical electrodes, along which the -electric
potential is distributed, so that the radial distribution of
electrons is not layered.

A plasma-optical system for increasing the ionization
state of ions from charge state n up to n+1 by electron
vortices is considered. The system consists of three
cylindrically symmetric segments located axially in the
longitudinal direction (see Fig. 1). The configuration is of
finite length located in the field of a chain of short coils,

the sense of which is such as to create opposing magnetic
fields H,, and the separate segments trap electrons.
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Fig. 1. Schematic of system for increasing ion charge
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Fig. 2. Longitudinal distribution of electric %ntial
along each segment

Cylindrical electrodes are also positioned axially, along
which an electric potential @, is distributed (see Fig. 2).
In each segment the electrons are trapped by H, and @..

The magnetic field structure and the electric potential
distribution due to the ring electrodes along each segment
are shown qualitatively in Fig. 3.

Fig. 3. Magnetic field structure and electric potential
distributi‘gizftoqf ring g{(%trodes along gre segment of the
system ‘ A"
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enhanced ionization of transiting beam ions. In Fig. 4 a
schematic of the concept with vortex electron trajectories
is shown.

Fig. 4. Excitation of electron vortices
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Fig. 5. Ionization of beam ions from charge state n
(shown by light circles) up to charge state n+1 (shown by
dark circles) by electron vortices

The electrons can rotate around the axes of the vortices
with significant super-thermal velocities. In Fig. 5 the
ionization of beam ions from charge state n (ions shown
by light circles) up to charge state n+1 (ions shown by
dark circles) by electron vortices is shown schematically.

DEPENDENCE OF RADIAL ELECTRIC
FIELD ON MAGNETIC FIELD

Let us consider the dependence of the radial electric
field that can be supported in the system on H,. We
consider radial collisional electron transport (the
continuous curve in Fig. 6, for H, less than the optimum,
H,<H,,) and anomalous electron transport (the continuous
curve in Fig. 6 for H, much greater, H>>H,,). By Hoy we
mean that derived in [4, 5], for which vortices are not
excited in the system.

We use the fact that the electron density is inversely
proportional to the radial electron velocity n.~ 1/V,. In the
collisional case the radial electron velocity is given by V.
= eBov/m.w’., where v is the electron collision frequency,
E. is the radial electrical field, and w. is the electron
cyclotron frequency. From this expression and using that
at Hop the electron density equals noy, we find the electron
density for He<Hy,

1= 10/2+[102/4+10p(Nop—11) Ho/Hopi] 2

One can see that n.= ny at Ho= Hop, and n. increases with
increasing H, for Hi<Hg.

Upon excitation of turbulence, the radial electron
transport increases sharply. The saturation amplitude of
the excited vortices is determined by their dissipation rate.
Hence the radial transport velocity V, is approximately
proportional to the growth rate y of the instability, i.e. to
the intensity of vortex excitation. For parameters close to
the optimum, slow vortices are excited and vy is
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determined by their growth rate yq. We have
approximately
ne~ 1/Vi~ 1/yq~ [LeAn/H,] 7,
EGN [(1_n)(ar(l/a)ce)/voe]l/zg VOGN An/HO.

or
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We derive n. ~ Ho"/[(1-1uean) " Laxing into accoum
that H = Nop(An/Angp) (Hop/Ho)?, Mot = 1. An = npe-ny; is the
overcompensation of flow ions by the electrons, we have
ne~ Ho"/ {n.An[ 1-(An/An ) (Hop/Ho)?]}

It can be seen that when H, exceeds Hoy, 1. decreases (the
dash-dot curve in Fig. 6).

For H>>H,, when the saturation amplitude of the
excited turbulence does not strongly depend on H,, one
can introduce an effective electron collision frequency ver.
Then the velocity of radial motion of the electrons equals
eEoVopgp/Mew’e . Thus we find that n.-n;~ H,,.

MAXIMUM ENERGY OF ELECTRON
ROTATION IN A VORTEX

Let us estimate the velocity, dV., of electron rotation in
a vortex and compare it with the electron drift velocity, Vg
o= -(e/mwy.)[e,,E], in crossed E., and H, fields.
One can show [6] that the maximum saturation
amplitude of electric potential in a vortex, @, is
@ = (Me/ek?) [ W1/ 2-(AN/Noe) W pe ]

where k is the wave vector of the vortex perturbation.
From it an approximate expression follows for the
longitudinal component of rotation of the -electron
velocity, which characterizes angular speed Q = Vg/r of
their rotation in the vortex field, a=e,rotV = (/0.0
n/ne, = Wu/2. Now taking into account that the vortex
perturbations are unstable and are excited initially with
small azimuth numbers, /g, the radius of a vortex
approximately equals half the system radius, R,= R/4. We
find the following approximate expression for &V,
OV/Ve, = Ridi/4Vg, = (Wie/ W) (No/ An) >> 1.

From the previous ratio we find that the maximum
electron energy due to rotation in the vortex is & = m.R*w
4/32. For experimental parameters such as R = 3.5 cm,
H,= 1000 Oe, one obtains that €.= 62.5 keV. But due to

magnetic field inhomogeneity €. is limited by @.,.
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INCREASING THE ION FLOW RESIDENCE
TIME IN THE SYSTEM

If we use a plateau-type longitudinal distribution of
potential, it is possible to increase considerably the ion
residence time in the system. Then the ion beam velocity
in the system equals Vi = [(2/m;)(gi-e®,)]"*. If the ion
beam energy is only slightly greater than this, & > e®, ,
then the beam ion transit velocity in the system will be
decreased and the residence time increased.

SYSTEM LENGTH REQUIRED FOR
COMPLETE IONIZATION OF FLOW IONS
TO CHARGE STATE n+1

Let us estimate the minimum length of the system, L,
for which, during the ion beam propagation with velocity
Vi through the system, T,,= L/Vi, there will be complete
ionization of beam ions from charge state n up to charge
state nt1. The time required for additional ionization is
given by T, = 1/nidV.. The ion beam velocity should
exceed Vi > (2e®,/m;)'”* for the ion beam propagation
through the system. We choose for the best additional
ionization, Vi & (2e®y/m;)"?. Then the ion residence

time in the system is the longest.
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Fig. 7. Dependence of ionization cross section from T,”
to T,”* on electron energy

For complete ionization to charge state n+1 the system
length L should be greater than L > V.i/V.ni0. Estimations
show that a very long system is necessary for significant
ionization. Therefore we use, instead of an ion beam, a
vacuum-arc plasma flow. In this case there is no necessity
for secondary ion-electron emission, and electrons are
moved with the ion flow. The energy of the streaming ions
is 100 eV. For vortex excitation we use LF wave pumping
of frequency approximately equal to the ion plasma
frequency, similar to HF wave pumping on electron
cyclotron frequency in [7].

To determine L, 0 has been calculated (see Fig. 7)
using an expression given in [8]. Using n;= 10"*cm™ and ¢
= 0.82 x 10"°%m’ for ionization from T,*" to T.’* we find
that if the amplitude of the vortex electric potential is
limited to @,, L should be longer than L > 26cm.

CONCLUSION

We have shown that because the magnitude of the
excited vortex perturbation is significantly greater than the
electron cyclotron radius and because the excited fields of
the vortex perturbations are significantly greater than the
radial electrical field of the system, the electron vortex
velocity can considerably exceed the electron drift
velocity in crossed electric and magnetic fields. This
results in the possibility of additional ionization of ions.
These vortices can be enhanced by LF wave pumping at a
frequency approximately equal to the ion plasma
frequency.
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JIOMOHMU3ALIMSI HFOHHOI'O MYYKA 3JIEKTPOHHBIMU BUXPSIMHU B IJIASMO-OINTUYECKOM
CUCTEME

A.A. I'onuapos, B.U. Macnos, A. bpayn

PaCCMa’I‘pI/IBaeTCﬂ BO3MOXXHOCTbL JOHMOHU3AMM HOHOB ITy4YKa OJSJICKTPOHHBIMH BUXPIMHU, B036y>KZ[a€MLIMI/I B
HMUJINHAPUICCKU CPIMMGTpPI‘-IHOﬁ IIa3MO-ONTUYECKON CHCTEME KOHEYHOM JJIMHBI CO CerHleHHOﬁ KOH(bHpraHHCﬁ
paauajiIbHOIr0 JICKTPUICCKOI'0 1 MpOaAO0JIbHOI'0O MAarHuTHOIO TTOJICH.

JOIOHM3AIIISAA IOHHOI'O IYYKA EJJEKTPOHHUMHU BUXOPAMH B IJIA3MO-ONITUYHIN
CUCTEMI

O.A. I'onuapos, B.1. Macnos, . bpayn

PosrisnaeTsess MOKIMBICT 1010HM3AMIIT 10HIB ITy4Ka €NEKTPOHHUMH BUXOPAaMH, IO 30YKYIOTECS B IMITIHAPHIHO
CUMETPHYHIN I1a3MO-ONTUYHIA CUCTEMI KiHIIEBOI TOBKUHH 31 CXPEIICHOK KOHDITYpaIliero pagiaibHOTO SIEKTPUIHOTO

1 MOB3I0BKHHOT'O MArHiTHOIO MOJIIB.
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