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The fundamental principles, experimental results, and potential applications of the electrostatic
plasma lens for focusing and manipulating high-current, energetic, heavy ion beams are reviewed.
First described almost 50 years ago, this optical beam device provides space charge neutralization
of the ion beam within the lens volume, and thus provides an effective and unique tool for focus-
ing high current beams where a high degree of neutralization is essential to prevent beam blow-up.
Short and long lenses have been explored, and a lens in which the magnetic field is provided by
rare-earth permanent magnets has been demonstrated. Applications include the use of this kind of
optical tool for laboratory ion beam manipulation, high dose ion implantation, heavy ion accelera-
tor injection, in heavy ion fusion, and other high technology. © 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4789314]

I. INTRODUCTION

High-current ion beams are used widely for basic re-
search and high-technology applications, including for exam-
ple, in heavy ion fusion research, high current linear acceler-
ators, spacecraft control systems, high dose ion implantation
for material surface modification, and for surface cleaning and
activation prior to film deposition. The manipulation (focus-
ing, beam profile control, bending) of ion beams is well un-
derstood for the case of low current beams where space charge
compensation of the beam is not required. But when the ion
beam current is high and a high degree of space charge neu-
tralization by a background sea of cold electrons is required
in order for the beam to propagate and not to be lost to space
charge blow-up, there exists a significant lack of tools for ma-
nipulating the beam in any way. There is thus a need for an
alternative to traditional vacuum ion optic systems (electro-
static and magnetic lenses) for the case of high-current ion
beams.

A “pure” ion beam, meaning here an energetic beam of
positive ions propagating in vacuum in the absence of any
other charged particles, electrons in particular, assumes a po-
tential that can be very high due to the positive ion charge of
the beam itself. This high space charge can lead to the growth
of the beam cross-section due to radial motion of the ions un-
der the influence of the electric field set up by the positive ion
space charge. This is referred to as space charge blow-up and
can lead to degradation of the beam current density and loss
of beam via scrape-off of the outer beam regions. Although
it is not uncommon for ion beam space charge considerations
to be simply ignored, these concerns are important and of-
ten critical, especially for high current heavy ion beams. In
order to prevent space charge blowup of the beam, charge-
compensating particles, i.e., cold electrons (for the case of a
positive ion beam), need to be introduced to the interior beam
volume. There are in general a number of possible sources of
cold electrons or mechanisms by which electrons can be in-
troduced into the beam in order to provide space charge neu-
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tralization (also called space charge compensation). The col-
lision of energetic beam ions with residual gas atoms in the
downstream volume is one obvious such source. For the case
of a gaseous ion source, neutrals enter the beam volume pri-
marily from the ion source itself, and the neutral gas density
is highest close to the beam extractor. Energetic positive ions
can suffer charge exchange collisions with neutral gas atoms
(charge exchange has the highest cross section), resulting in
fast neutral atoms and slow thermal ions. The secondary ther-
mal ions experience the electric field of the uncompensated
ion beam and are accelerated toward the chamber wall, where
they generate secondary electrons that are in turn attracted
back to the positive beam region. This two-stage process can
in many cases be the primary source of charge-compensating
electrons. Another source of cold electrons is the direct ion-
izing collision of fast beam ions with background neutrals,
which produces slow positive ions that are ejected from the
beam by the beam space charge forces and cold electrons that
remain within the beam and build up in density. Yet another
source can be scrape-off electrons produced by the secondary
emission of electrons from the ground grid (the final extractor
electrode, which is at ground potential) of the beam forma-
tion electrode configuration via grazing collisions of energetic
beam ions with the metal electrode. Finally, another source
can be secondary electrons produced by beam ions striking
the target and/or grounded vessel. There are thus many pos-
sible ways in which the beam can rapidly acquire its back-
ground sea of cold electrons, and one reason why the concern
of beam space charge is often ignored is because beam neu-
tralization is very often “automatic” − the experiment or ap-
plication suffers no ill-effects because the overlooked space
charge neutralization is spontaneously provided by the set-up
itself.

When an energetic ion beam is passed through a beam
focusing device, however, the concern of space charge neu-
tralization increases in importance. The Einzel lens, in par-
ticular, is completely inappropriate for use with high current
beams, as the lens electric field severely impedes the flow of
cold electrons within the beam and beam neutralization fails.
What is observed experimentally is that the ion beam, rather
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than being focused by the Einzel lens, is in fact “defocused”
(it “blows up”) due to beam expansion under its own radial ion
space charge forces. Said otherwise, the Einzel lens is a tool
that is appropriate for the case of low current ion beams when
the beam can propagate without the need for space charge
neutralization, but it is inappropriate for use with high cur-
rent beams. The situation for magnetic lenses is more compli-
cated, since space charge neutralization can in some cases be
preserved to some extent. It is clear, however, that there would
be great advantage in a beam focusing device that maintains
full beam neutralization even for high current beams under all
circumstances. This is the niche filled by the plasma lens.

The term “high current” is used here to mean that space
charge forces are significant and that neutralization of the
beam space charge by cold electrons (for a positive ion beam)
is necessary in order for the beam to propagate without blow-
up. Ion beams of this kind can be viewed as a quasi-neutral
plasma medium containing fast ions and cold electrons. The
beam potential parameter, Ib/vb, is the potential drop from
center to edge of an uncompensated cylindrical ion beam
propagating with total current Ib and beam velocity vb. For
illustration consider a singly charged copper ion beam with
current 1 A and energy 10 keV; the beam potential param-
eter for this case is about 50 keV. Clearly, this huge poten-
tial, due to the uncompensated beam space charge, can lead
to extreme growth of the beam cross-section. The propaga-
tion of high current ion beams has been studied by a number
of authors, perhaps initiated by the beam blow-up problems
experienced with the “Calutron” mass-separation of intense
ion beams.1 A review and summary of partially compensated
beam transport has been presented by Holmes.2 The radial
expansion (“blow-up”) of an ion beam due to uncompensated
space charge is very often not a small effect, even though it is
often ignored without detriment as described above because
of the automatic space charge compensation that is frequently
provided by the system itself. For example, it can be readily
shown from Holmes2 that a 1 mm diameter beam of 10 keV
hydrogen ions of current 10 mA will double its initial radius
in a distance of just 1 cm. The important point is that space
charge blow-up concerns are very often not negligible, espe-
cially so for ion beam focusing devices. The plasma lens is
important in this way.

There has been in recent years heightened interest in ex-
perimental heavy ion fusion research, due in part to progress
in the development of solid state ion sources (alumino sil-
icate sources) for providing intense, high brightness, heavy
alkali metal ion beams. High energy density as required for
fusion application calls for simultaneous compression of the
beam pulse both in the longitudinal and transverse directions.
Thus the intense ion beam must be substantially compressed
radially by passage through a focusing device. The electro-
static plasma lens has the high optical strength for focusing
intense quasi-neutral ion beams and can provide a unique tool
for these important applications.

II. BACKGROUND AND OVERVIEW

The electrostatic plasma lens is an axially symmetric
plasma-optics device with a set of cylindrical ring electrodes

FIG. 1. Schematic of plasma lens. 1 − magnetic field coils; 2 − cylindrical
electrodes. Dashed lines − equipotentials. Solid lines − magnetic field lines.
Reprinted with permission from A. A. Goncharov and I. G. Brown, IEEE
Trans. Plasma Sci. 32, 80 (2004). Copyright 2004 Institute of Electrical and
Electronics Engineers, Inc.

located within the magnetic field region, with magnetic field
lines connecting ring electrode pairs symmetrically about the
lens midplane; see Fig. 1. This is quite different from the mag-
netostatic plasma lens, where charged particle focusing is pro-
vided by the azimuthal magnetic field established in a cylin-
drical plasma column by a powerful axial discharge of cur-
rent typically ∼103−106 A, leading to a focal length F that
varies as ∼(vb/Id,)1/2, where Id is the discharge current and vb

is the beam ion velocity. Panofsky and Baker3 provided the
first demonstration of this kind of magnetostatic lens, success-
fully focusing energetic (up to 350 MeV) short-pulse proton
beams after passage through an accelerator. The approach was
developed theoretically by a number of workers,4–6 and the
possibility of using the method for focusing relatively long-
pulse (600 μs), moderate energy ion beams was recognized.7

These experiments achieved a compression factor of the fo-
cused beam of up to 500.

The basic concept of the electrostatic plasma lens was
first described by Morozov and co-workers,8–10 and is based
on the use of magnetically insulated cold electrons (i.e.,
transverse mobility � parallel mobility) to provide space-
charge neutralization of the focused ion beam and maintain
the magnetic field lines as equipotentials (“equipotentializa-
tion”). These early contributions also clarified the advantages
of plasma lenses as compared with the more traditional elec-
trostatic lens (of which the Einzel lens is one specific kind)
and magnetic lenses (see Refs. 9 and 10 for detail). This is
a generalization of Gabor’s ideas for employing a magne-
tized electron cloud in a Penning trap as an effective space
charge lens for focusing low current positive ion beams.11 Re-
cent years have witnessed increased application of Gabor type
lenses in low energy beam lines for focusing light ions such as
of He+.12, 13 An example of a simplified classical Gabor lens
is shown schematically in Fig. 2. This kind of lens is attractive
for focusing narrow single-aperture, low-current ion beams.

Electrons within the electrostatic plasma lens volume can
be formed by many different methods, for example, by sec-
ondary electron emission from collision of beam ions with
the lens electrodes, and are able to stream freely along the
magnetic field lines, thereby tying the potential to that of the
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FIG. 2. Simplified schematic of Gabor space charge lens. Reprinted with
permission from D. Gabor, Nature (London) 160, 89 (1947). Copyright 1947
Macmillan.

electrostatic ring electrode to which the field line is attached.
This method of generation of the needed electrons is con-
venient for wide-aperture, high-current, pulsed heavy ion
beams. A steady state is rapidly reached on the time-scale
of the electron flow along magnetic field lines (i.e., approx-
imately the electron time of flight), and preserved because of
the closed azimuthal drift of electrons in the E × B field of
the lens. The condition of equipotential magnetic field lines of
length l � R, the lens radius, passing through the axial region
of the system and crossing the outermost electrodes (which
are grounded) follows from a model in which the lens volume
is uniformly filled with cold background electrons of density
ne and energetic beam ions of density nb = Ib/(eQvbπR2),
where eQ is the ion charge, with e the electronic charge and
Q the ion charge state (1, 2, 3, . . . ), vb the beam ion velocity,
and R the beam radius. This condition can be given as14, 15

ne − Ib

eQvbπR2
= ± ϕL

eπR2
, (1)

where ϕL is the maximum electric potential on the ring elec-
trodes. The plus sign corresponds to beam focusing and the
minus sign to beam defocusing − the dispersive operational
regime of the lens.14 Here, we assume Q to be the mean ion
charge state, for simplicity. However, as for all purely elec-
trostatic charged-particle optical systems, the focusing char-
acteristics of the electrostatic plasma lens are charge-state-
independent, noting that the function of the lens magnetic
field is to tie electrons to field lines, and neglecting for now
the small azimuthal vion × Blens force. (See later, however,
our discussion about momentum aberrations). In order that
equipotential magnetic field lines be generated, an electron
density is needed that is sufficient to compensate both the
space charge due to the beam and the vacuum electric po-
tential within the lens volume. It can be seen from Eq. (1)
that beam focusing can be obtained for low ion beam density
− this is similar to the Gabor lens. In this case, the ion beam
density does not play a role and the electrons are used only for
space charge compensation and transformation of the external
vacuum electric field in order to make the electric field lines
transverse to the magnetic field lines for focusing low current
positive ion beams.

For a high current beam when, if unneutralized, the beam
could blow up under its own space-charge forces, neutraliza-
tion can be provided by electrons of sufficient density held

within the beam by its space charge. This regime occurs
when the beam potential parameter Ib/vb exceeds significantly
the maximum externally applied lens voltage, Ib/vb � ϕL.
This operational regime of the high-current plasma lens has
been reported by us previously.16, 17 In the high beam current
regime, a quasi-neutral plasma is formed within the lens vol-
ume consisting of cold magnetized electrons drifting along
the magnetic field lines and fast beam ions that are affected
to first approximation only by the radial electrostatic field
of the lens. Note that the equipotentialization condition fol-
lows from the steady-state hydrodynamic equation of motion
of cold electrons, which in this case is8–10

E = −1/c(vd × B), (2)

where vd is the velocity of cold electrons, B is the magnetic
field within the lens volume, and c is the velocity of light.
The macroscopic electrostatic field E can exist only in the
presence of closed electron drift and an “insulating” magnetic
field. Then the electric field is perpendicular to the magnetic
field, leading to magnetic field lines that are equipotentials.
It follows that the self-consistent potential distribution within
the lens volume depends on the magnetic field as

� = k� (r, z) , (3)

where k is a proportionality coefficient determined by the
boundary conditions. Here, � is the magnetic flow function
related to the magnetic field by

Br = −1

r

∂�

∂z
, Bz = 1

r

∂�

∂r
. (4)

The lines � = const. are magnetic field lines. It is
also necessary that the magnetic field configuration should
eliminate spherical aberrations and transfer ground potential
(the potential of the outermost lens electrodes) to the beam
axis at the midplane. We note parenthetically that by the
term spherical aberration we follow conventional usage and
that of Morozov,9, 10 and refer to the case when the radial
electric field Er(r) has a variation other than linear; when
Er(r) ∼ r, there are no spherical aberrations, and a zero-
divergence, mono-energetic ion beam can be brought to a per-
fect focus. For this case, we can write

� ∼ � = B (0, z)

2
r2 − B ′′ (0, z)

16
r4 + · · · , (5)

where to good approximation the correction for the sec-
ond term proportional to r4 is small (for more detail see
Ref. 9). One can also see that it is necessary to choose an
optimized magnetic field configuration in order to eliminate
spherical aberrations. (See latter discussion about advanced
plasma lenses with minimized magnetic field gradients).

The focal length F of this kind of electrostatic plasma
lens is given by9, 10

F = θ ϕb R

2ϕL

, (6)

where ϕb is the ion beam accelerating potential (i.e., ϕb is the
ion source extractor voltage and the energy of the beam ions
is Eb = eQϕb), ϕL is the maximum electric potential on the
ring electrodes, and θ is a geometric parameter that depends
on the ratio of lens radius R to lens length L and the magnetic
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FIG. 3. Experimental setup for the first investigation of the electrostatic plasma lens. 1 – magnetic field coil; 2 – fixing electrodes; 3 – magnetic core; 4 and
5 – electron compensators (by secondary electron emission); 6 – plasma ion source; 7 – collector. Reprinted with permission from JETP Lett. 9(1), 24 (1969).
Copyright 1969 American Institute of Physics.

field configuration. For the optimal configuration, θ ≈ 1; the
optimal configuration of magnetic field has been shown16 to
occur for θ = (πR/L)I1(1), where I1 is the modified Bessel
function. Importantly, note that the focal length of the plasma
lens does not depend on the ion charge-to-mass ratio; this is
a consequence of the purely electrostatic optical system, as
previously mentioned.

Electrostatic plasma lenses have been investigated for
half a century. This background work is characterized by a
steady increase in the ion beam current Ib and the beam po-
tential parameter Ib/vb. Experiments demonstrating the poten-
tial of the plasma optical concept for focusing ion beams were
described initially in Ref. 18, following which the plasma op-
tical approach was developed19 at the Institute of Physics,
NASU, at Kiev, using a range of plasma lens geometries for
focusing intense ion beams.

The first electrostatic plasma lens experiments were car-
ried out at Morozov’s initiative at the Kurchatov Institute,
Moscow, in the late-1960s,9, 18 see Fig. 3. The ion source
provided a steady-state beam of Ar or He ions with current
0.5−15 mA at the entrance to the plasma lens and with energy
up to 10 keV. The residual pressure within the vacuum cham-
ber was about 1 × 10−5 Torr. Secondary electron emission
was used for creation of the plasma medium within the lens
volume. Knowing the distances (a) from the ion source exit
to the midplane of the lens, and (b) from midplane to focus,
the focal length, fe, of the plasma lens for given experimental
conditions was determined using the well-known formula for
a thin lens 1/f = 1/fa + 1/fb. Figure 4 shows the ratio of the ex-

FIG. 4. Dependence of the ratio of experimental focal length fe to calculated
fc on ion beam energy. From Morozov, Encyclopedia of Low-Temperature
Plasma. Copyright 2008 by Springer. Reprinted with permission of Springer.

perimental focal length (fe) to that calculated (fc) from Eq. (6)
for the same conditions. We see also (Fig. 5) that decreasing
the magnetic field strength within the lens volume destroys
the plasma medium due to elimination of electron magnetic
isolation and leads to only a weak lens optical strength.

These experiments were the first to point out the at-
tractive and extensive possibilities of the introduction of the
plasma optical principles of macroscopic electrostatic fields
in the plasma medium as being suitable for focusing intense
positive ion beams. Note also that these experiments demon-
strated explicitly that the optical strength of the plasma lens
can be up to two orders of magnitude greater than for an
Einzel lens and up to four orders of magnitude greater than
for a magnetic lens, under the same experimental conditions.
In other words, achieving the same focusing would require
much greater lens electric or magnetic field strength.

III. LOW-CURRENT PLASMA LENS

A. Short electrostatic plasma lens

A schematic of the setup used for investigation of fo-
cused ion beams using a short plasma lens is shown in
Fig. 6.19 Steady-state beams of helium ions with energy up to
35 keV and current up to 40 mA were formed by a duoplas-
matron ion source with a single-aperture extractor of diam-
eter 4 mm by means of an optimized quasi-Pierce system 1,
which enabled limiting the divergence of the ion beam at the
lens entrance. The plasma lens aperture formed by nine mu-
tually isolated tantalum cylindrical electrodes 2 was 26 mm,
and the length of the lens was 66 mm. The magnetic field
(500−1000 G on-axis) was formed by the current-driven field

FIG. 5. Dependence of measured focal length fe on magnetic field strength.
From Morozov, Encyclopedia of Low-Temperature Plasma. Copyright 2008
by Springer. Reprinted with permission of Springer.
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FIG. 6. Experimental set up for short plasma lens. 1 − ion source and quasip-
ierce optical system; 2 − plasma lens; 3 − magnetic system; 4 − ion collec-
tor; 5 − diaphragm; 6 – electron compensator; 7 − Langmuir probe. From M.
Gabovich, I. Gasanov, and I. Protsenko, Plasma Lenses for Formation of Ion
Beams (Institute of Physics AS USSR, Kiev, 1982), Preprint # 8. Copyright
1982 by Institute of Physics NAS of Ukraine. Reprinted with permission of
Institute of Physics NAS of Ukraine.

coils 3 and was localized by pole pieces to the gap between
them. The potential distribution of the electrodes was varied
so as to obtain optimum focusing; the central electrode was
held at a potential of up to 4 kV. Electron injection into the
lens volume was by secondary electron emission from the
walls of the electron compensator tube 6, of 18 mm inter-
nal diameter, which was held at ground potential. Note that
beam focusing was not observed when the compensator was
removed. Maximum observed ion beam current density at the
focus was up to about 300 mA/cm2. Beam current was mea-
sured by collector 4 using both electric and calorimetric meth-
ods. For determining the beam current density, diaphragm 5
with a 0.5 mm hole moveable in the radial direction was lo-
cated in front of the collector. The electric potential value and
configuration in the lens volume was measured by the iso-
lated Langmuir probe 7, and the characteristics of the mag-
netic field were measured by magnetic probes. Residual gas
pressure in the vacuum chamber was 3 × 10–6 Torr.

B. Self-consistent mode

The dependence of current density at the focus on the
total beam current is shown in Fig. 7, which demonstrates
the lens action over this range of current. In addition, stud-
ies of a “self-consistent” lens operation mode were carried
out without supplying external voltage to the ring electrodes.
It was determined that in this case the value and distribution
of steady-state electrode potential depends on the electrode
geometry and “accessibility” to ions at the beam boundary.
Measurements of the radial distribution of current density at
the focus (Fig. 8) revealed that the lens focusing properties
in this “self-consistent” mode (lower curve in the figure) are
somewhat superior to that of the “conventional” case.

The focusing of intense diverging ion beams formed by
an ion source at only a short distance (about 7 cm) from the
lens midplane provides evidence of a strong radial electric
field within the lens. Estimation of the field value from the
expression for lens focal length, Eq. (6), using the experimen-
tally determined lens optical strength, shows that practically
the entire applied potential difference is distributed radially.

FIG. 7. Dependence of current density at the focus on total beam current.
From M. Gabovich, I. Gasanov, and I. Protsenko, Plasma Lenses for Forma-
tion of Ion Beams (Institute of Physics AS USSR, Kiev, 1982), Preprint #
8. Copyright 1982 by Institute of Physics NAS of Ukraine. Reprinted with
permission of Institute of Physics NAS of Ukraine.

For the obtained value of f = 5−6 cm, the mean electric field
value should be about 3 kV/cm. One can see from the mea-
sured radial potential distributions at the lens midplane
(Fig. 9) in the “conventional” (upper curve) and
“self-consistent” (lower curve) modes, that strong elec-
tric fields are indeed formed in the system, in agreement with
the estimates given above.

Thus beam focusing without an external supply of volt-
age to the lens electrodes has been observed.19 Beam focusing
quality in this case was somewhat better than in the “conven-
tional” case. Electrodes acquire their potential by contact with
a fraction of the beam periphery. The action of the radial elec-
tric field of the ions and the presence of electrons in the sys-
tem result in a self-consistent distribution of potential across
the electrodes. When the electron compensator was moved in-
side the lens by a small amount, thus causing the electrodes

FIG. 8. Radial distribution of ion current density at the beam focus. Upper
curve – “conventional” mode; lower curve − “self-consistent” mode. From
M. Gabovich, I. Gasanov, and I. Protsenko, Plasma Lenses for Formation of
Ion Beams (Institute of Physics AS USSR, Kiev, 1982), Preprint # 8. Copy-
right 1982 by Institute of Physics NAS of Ukraine. Reprinted with permission
of Institute of Physics NAS of Ukraine.
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FIG. 9. Radial potential distribution at the lens midplane. Upper curve
– “conventional” mode; lower curve − “self-consistent” mode. From M.
Gabovich, I. Gasanov, and I. Protsenko, Plasma Lenses for Formation of Ion
Beams (Institute of Physics AS USSR, Kiev, 1982), Preprint # 8. Copyright
1982 by Institute of Physics NAS of Ukraine. Reprinted with permission of
Institute of Physics NAS of Ukraine.

to be inaccessible to fast particles, no potential difference oc-
curred between the electrodes and the beam was not focused.
Note that this self-consistent plasma-optical regime has also
been observed in passing a low-energy plasma flow through
an isolated curvilinear plasma guide used as a separator in the
plasma configuration used for pre-cleaning in plasma coating
devices.20

Robertson has reported21 on the “collective” focusing of
intense current-neutralized and charge-neutralized ion beams
passed through a dielectric tube in the low magnetic field
regime (about 75 G), and theoretical calculations were pre-
sented. The experimentally observed focusing is explained by
contraction of electron flow moving with the beam velocity.
Due to space charge redistribution, a radial electric field is
established in such a two-component plasma, leading to fo-
cusing of the ions. At the same time, upon replacement of the
dielectric drift tube by a metal tube, the focusing effect disap-
peared. We hypothesize an alternative explanation of the ex-
perimental observations. We speculate that it is probable that
in this case a self-consistent plasma lens operational mode
was realized, in which the central dielectric electrode was
charged by the beam, and electrons collisionally ejected from
the grounded metal end flanges were acquired within the sys-
tem. The disappearance of focusing when the dielectric tube
was replaced by a conducting surface can be explained by the
absence of surface charge, typical for dielectric surfaces, on
the central conducting electrode of the lens.

C. Long plasma lens

The plasma lens used in the investigations reported above
is a short lens, with the beam focus located well outside the
lens itself. Experimental studies of the possibility of long sys-
tems that would allow efficient transport of intense ion beams
are of considerable interest. Note that curvilinear plasma-
optical systems have been used for separation of slow plasma
flows.20 A long lens of length about 180 cm was used by
Booth and Lefevre22 for improvement of the neutralization

FIG. 10. Long plasma lens. 1 − lens electrodes; 2 − ring-shaped filament;
3 − collector; 4 – magnetic field system. From M. Gabovich, I. Gasanov, and
I. Protsenko, Plasma Lenses for Formation of Ion Beams (Institute of Physics
AS USSR, Kiev, 1982), Preprint # 8. Copyright 1982 by Institute of Physics
NAS of Ukraine. Reprinted with permission of Institute of Physics NAS of
Ukraine.

and transport of a modulated proton beam with energy about
450 keV and current about 40 mA.

Transport of ion beams by a long lens (Fig. 10) of length
70 cm and diameter 2.8 cm has been reported.23 A uniform
magnetic field was established inside the lens by means of
field coils 4. The beam, after transit through a short lens,
entered the long lens system located immediately after the
short lens, and the exiting beam current was monitored at
collector 3. The magnetic field strength inside the long elec-
trostatic trap was up to 1 kG; different from the short-lens
system, the trap here was filled with electrons by means of an
incandescent ring-shaped emitter 2 (0.2 mm diameter tung-
sten wire) held at ground potential. Note that for proper lens
operation, lower residual gas pressure was required as com-
pared to that in the short lens case due to the increased transit
time of slow ions through the longer system.

Figure 11 shows the dependence of the collected beam
current on the lens potential with the filament on (Ifil = 4
A, upper curve) and off (Ifil = 0, lower curve). The experi-
ments show increased beam transmission by the long lens by
a factor of more than 4, confirming the suitability of the lens
for this purpose. The dependencies of the ion beam current
transported through the lens and measured by the collector
(curve 1) and the electron emission current of the ring

FIG. 11. Dependence of collector beam current on the lens potential. Up-
per curve − filament turned on (Ifil = 4 A); lower curve − turned off
(Ifil = 0). From M. Gabovich, I. Gasanov, and I. Protsenko, Plasma Lenses for
Formation of Ion Beams (Institute of Physics AS USSR, Kiev, 1982), Preprint
# 8. Copyright 1982 by Institute of Physics NAS of Ukraine. Reprinted with
permission of Institute of Physics NAS of Ukraine.
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FIG. 12. Curve 1 − the collector current; 2 − electron emission current
(Itee). Lens potential 950 V. From M. Gabovich, I. Gasanov, and I. Protsenko,
Plasma Lenses for Formation of Ion Beams (Institute of Physics AS USSR,
Kiev, 1982), Preprint # 8. Copyright 1982 by Institute of Physics NAS of
Ukraine. Reprinted with permission of Institute of Physics NAS of Ukraine.

shaped filament (curve 2) are shown in Fig. 12 (lens potential
ϕL = 950 V). Figures 11 and 12 indicate that under these con-
ditions the formation of electron space charge within the lens
is more efficient using the filament than by using ion-electron
emission from the electrode surfaces 1 (Fig. 10).

The experiments described in the preceding concern the
focusing and transport of high-divergence intense light ion
beams by short and long electrostatic plasma lenses. It has
thus been demonstrated that the plasma lens can be a highly
efficient strong focusing tool. The maximum ion beam current
density at the focus of a short lens was up to 300 mA/cm2,
coinciding closely with the initial ion current density of the
beam at the ion source extractor, in agreement with the Lang-
muir formula24 for maximum beam current density,

Jmax = jo(1 + Eb/kTi) sin2 �, (7)

where jo is the initial beam current density, Eb is the beam en-
ergy, kTi is the ion temperature (thermal energy spread), and
� is the angle of beam focusing, � ≈ Ro/F. Factors determin-
ing the formation of strong electric fields have been studied.
It has been shown that electric field formation in the plasma
lens is possible with efficient generation of electrons at suffi-
ciently low residual gas pressure. In the self-consistent mode
of operation, direct contact of the beam with the ring elec-
trode surfaces is required, together with appropriate choice
of electrode configuration. Depending on the ion beam cur-
rent and the electric field required for focusing, space charge
overcompensation may occur in the lens. In most cases, the
lens medium consists of either an almost pure electron sea for
the case of low current beams as described in these experi-
ments (Ib/vb � ϕL), or a slightly charged plasma with small
deviation from quasi-neutrality. In the high current regime
Ib/vb � ϕL.

IV. HIGH-CURRENT PLASMA LENS

Further development of the electrostatic plasma lens
for the high beam current regime has been summarized in
Refs. 14–17. In these experiments, we used repetitively

pulsed, broad beams 60 mm in diameter of hydrogen ions
with current up to 2 A, energy up to 25 keV, and pulse dura-
tion 100 μs, formed from an ion source with a three-electrode,
multi-aperture extractor, entering the high-current regime for
which ϕL < Ib/vb. We have reported16 on the static and dy-
namic characteristics of the high-current plasma lens with
quasi-neutral plasma created by fast beam ions and secondary
emission electrons. Some features17 of the focusing of wide-
aperture, low-divergence beams of hydrogen ions were in-
vestigated. In these experiments, good agreement was found
with plasma-based optical principles. It was theoretically pre-
dicted that a lens without spherical aberrations can be ob-
tained by using an optimum magnetic field configuration and
selection of the optimum distribution of externally applied
ring-electrode potentials, and optimization of the number of
ring electrodes and their dimensions. These experiments con-
firmed good operation of the electrostatic plasma lens and a
high degree of predictability, but the maximum beam com-
pression (ratio of focused to unfocused ion beam current den-
sity at the focal spot) was limited to disappointingly low val-
ues of 2–5. It became clear25 that this limitation in beam com-
pression was connected primarily to non-removable momen-
tum aberrations due to the azimuthal rotation of beam parti-
cles in the lens magnetic field. These aberrations depend on
the ion charge-to-mass ratio through the beam velocity vb and
restrict the minimum radius of the beam at the focus to

Rmin = R0 ·vbBL

ϕbπc
, (8)

where R0 is the initial radius of the beam. Beams of protons
with energy 10–25 keV and low-energy singly charged copper
ion beams with energy 200–400 eV were focused to a radius
Rmin ∼ 1 cm, for typical lens parameters (B ∼ 1 kG). In exper-
iments with multiply charged metal ion beams (Cu, Zn, Mo)
formed by a vacuum arc ion source with energies 100–400 eV
it was demonstrated that the lens gave rise to charge-state sep-
aration of particles at the focus. For higher energy heavy ions
the effect of momentum aberrations is much reduced and the
electrostatic plasma lens can be a very effective tool for focus-
ing large area, high current, energetic heavy-ion beams, as has
been well demonstrated in a number of experimental investi-
gations performed at Kiev25, 26 (IP NASU) and at Berkeley
(LBNL).27, 28 A 20–30 keV copper ion beam was brought to a
focal spot of size Rmin ∼ 1 mm, for example.

The experimental arrangements used at Kiev26 and at
Berkeley27, 28 have been described. The lens used in these ex-
periments employed a magnetic field that was established by
conventional current-driven electromagnetic coils. A vacuum
arc ion source was used for beam production,29 operating in
a repetitively pulsed mode and producing a low-divergence
beam with parameters: Kiev − pulse duration 100 μs, beam
extraction voltage up to 25 kV, total beam current up to 0.8 A,
initial beam diameter 5.6 cm, ion species C and Cu; Berkeley
− pulse duration 250 μs, beam extraction voltage up to 50 kV,
beam current up to 0.5 A, initial beam diameter 10 cm, beam
species C, Cu, Zn, Ta, Pb, Bi. The basic parameters of the lens
were: Kiev − input aperture 7 cm, length 12 cm, number of
ring electrodes 9, maximum potential applied to the central
electrode +4.7 kV; Berkeley − aperture 10 cm, length 20 cm,
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FIG. 13. Simplified schematic of the experimental configuration used at Berkeley. Reprinted with permission from Appl. Phys. Lett. 75, 911 (1999). Copyright
1999 American Institute of Physics.

number of ring electrodes 9, lens potential +10 kV. A pulsed
magnetic field of magnitude up to 0.1 T and pulse width up to
500 μs was established by small solenoid coils surrounding
the lens. Movable Langmuir and capacitive probes were used
for measurements of the plasma characteristics. The resid-
ual pressure was less than 1 × 10−5 Torr. A low temperature
plasma was formed in the lens volume by the ion beam itself
through secondary electron emission from the lens electrodes.
Note that ionization of the background gas by the beam is not
a significant effect at the operating pressure and beam pulse
length employed.

The Kiev experiments26 were first targeted at modeling
the conditions needed for carrying out high-dose metal ion
implantation at moderate energies (10−100 keV). For the
beams used here, the value of the beam potential parame-
ter Ib/vb is comparable to the beam energy, and high cur-
rent beams such as these can exist only in the fully compen-
sated state (i.e., fully space-charge neutralized), with the cold
electron background produced, for example, by secondary
emission from surrounding metal surfaces. Our experiments
showed26 that this leads to a sharp increase in electron current
flow from the background plasma to the lens electrodes by
about an order of magnitude compared to the case of a hydro-
gen ion beam. Operation of the lens with a resistive voltage
divider to supply the ring electrode voltages is then not rea-
sonably possible because of the high currents involved, and
we used instead an RC-divider which was able to hold the
electrode voltages constant throughout the beam pulse. For
conditions optimized for minimum spherical aberrations, we
showed that the maximum current density of copper ions onto
a target at the focus was about 170 mA/cm2, corresponding to
a compression at the focus of a factor of about 20.

Further experiments were performed at Berkeley.27, 28

The experiments explored operation of the lens with moder-
ate energy, high current, large area, heavy metal ion beams.
The midplane of the plasma lens was located 34 cm from the
ion source extractor. The lens electrodes were fed through a
110 k	 voltage divider by a low-impedance stabilized power
supply. The highest potential ϕL ≤ +10 kV was on the cen-
tral lens electrode, and the remaining symmetrically disposed
electrodes were connected in pairs to the appropriate voltage
divider points. The power supply provided fixed voltages to
the lens electrodes during transport of the beam through the
lens. The beam current density was measured by a radially
movable, magnetically suppressed Faraday cup located a fur-
ther 34 cm downstream from the lens midplane; the entrance
aperture of the Faraday cup was 1 cm diameter for most of the
work but we reduced this to 3 mm diameter for some measure-
ments so as to obtain greater spatial (radial) resolution. The
total ion beam current was measured by scanning the Fara-
day cup radially and integrating the radial beam profile. We
could also monitor the total current by a simple collector plate
without suppression of secondary electrons. A time-of-flight
ion charge state analysis system30 was used to monitor the
ion charge state spectrum of the beam transported through the
lens. A simplified schematic of the experimental configura-
tion is shown in Fig. 13.

Experiments have shown, in prior work as well as in the
work described here, that the plasma lens focusing charac-
teristics depend strongly on the externally applied potential
distribution along the electrostatic ring electrodes. Variation
of the electrode potential distribution can change the lens op-
erating regime from focusing to defocusing. The effect of
spherical aberrations is minimized when the lens electrode
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FIG. 14. Tantalum ion beam current density jb at the Faraday cup for opti-
mum potential distribution: (a) as a function of lens central electrode voltage
ϕL; ϕb = 22 kV, B = 800 G and (b) as a function of beam accelerating voltage
ϕb; ϕL = 5.5 kV, B = 800 G. Reprinted with permission from Appl. Phys.
Lett. 75, 911 (1999). Copyright 1999 American Institute of Physics.

potentials are optimally distributed, which occurs when the
potential variation follows the magnetic field variation, �(R,z)
∼ B(0,z) as follows from theoretical considerations (see
Eq. (5)). Then the dependencies ji(ϕL, ϕb) have a distinct
sharply peaked character, see Fig. 14, and maximum beam
compression is observed at the focus.

The plasma lens can be used as a focusing tool for
creation of a spot with high energy density at the focus.
Good beam focusing under optimum conditions was visu-
ally observed in the form of a bright spot of overall diameter
2−3 cm at the Faraday cup location; the tantalum ion beam
compression was a factor of more than 30×.

We consider now some possible factors limiting the max-
imum compression of the focused beam. Momentum aberra-
tions, finite phase volume, and incomplete space charge com-

pensation of the beam at the focus were taken into considera-
tion. As shown above, momentum aberrations can restrict the
focused beam compression to a factor of 1000 or less. Using
some equations from Ref. 17 (the Langmuir formula, Eq. (7)

for this case can be rewritten as jmax ≤ j0
R2

0
F 2 · Eb

Ti0
because of

finite phase volume of the beam, where Ti0 is the temperature
of ions in within the source, Eb is the beam energy, and F is
the focal length) and

jmax ≤ j0 exp

[
R2

0

F 2
· mv2

b

2eQ
· 1

αIb / vb

]
, (9)

due to incomplete compensation of the beam at the focus
(where α is the beam space charge compensation factor,
α = 1 − ne/Qnb), it can be shown that for the experimental
conditions (ϕb = 30 kV, ϕL = 6 kV, R0 = 5 cm) both these
mechanisms may limit the beam compression to a factor of
up to 1000. Here, we take Ti0 ≤ 4 eV, and the radial poten-
tial drop across the focused beam according to measurements
from Ref. 17 is α · Ib /vb ∼100–200 V. These factors can occur
for beam compression about 1000 under these conditions. We
can conclude that the maximum beam compression observed
experimentally is not restricted by removable spherical aber-
rations because of the finite width of the lens electrodes. This
was well confirmed by computer simulation of processes of
formation of the plasma within the lens volume under condi-
tions close to experimental.35 Note that the presence of spher-
ical aberrations may play a beneficial role − as the lens ring-
electrode potentials are adjusted one can tailor the beam ra-
dial profile at the collector and thus create a uniform current
density distribution. This has been shown experimentally and
theoretically in Ref. 17.

V. PERMANENT MAGNET PLASMA LENS

In the experiments described above we noted a signifi-
cant increase in the focused ion beam current density for spe-
cific low magnetic field strengths, suggesting the possibility
of a plasma lens using permanent magnets. The first such ex-
periments using permanent magnets to establish the magnetic
field configuration were carried out collaboratively between
the IP NASU (Kiev) and LBNL (Berkeley).31–34

The parameters of the lenses used with permanent mag-
nets were as follows. Kiev: input aperture D = 7.4 cm, length
L = 14 cm, number of ring-electrodes N = 13; maximum
strength of the magnetic field formed by the small Fe-Nd-B
magnets at the center of the lens was B = 360 G. Berkeley: D
= 10 cm, L = 15 cm, N = 11; B = 300 G. The magnetic field
shape required for each plasma lens was determined by com-
puter simulation and experimental tests; the simulation re-
sults were in excellent agreement with the experimental data.
Radially movable Langmuir probes were used for measure-
ment of the plasma in the lens volume and in the beam drift
space. Ib and Jb were measured by an axially movable sec-
tioned collector (at Kiev) and by a radially movable, magnet-
ically suppressed Faraday cup with entrance aperture 3 mm
(at Berkeley), located at a distance ∼30 cm from the lens mid-
plane. The base pressure in the vacuum chamber was less than
1 × 10−5 Torr, allowing formation of plasma within the lens
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FIG. 15. Electrostatic plasma lens using permanent magnets. Input aper-
ture 10 cm, length 15 cm, number of cylindrical electrodes 11; magnetic
field strength formed by the Fe-Nd-B permanent magnets 300 G. (a) General
view; (b) cut-away view. Reprinted with permission from A. A. Goncharov
and I. G. Brown, IEEE Trans. Plasma Sci. 35, 986 (2007). Copyright 2007
Institute of Electrical and Electronics Engineers, Inc.

volume by the ion beam itself and by secondary electron emis-
sion from the lens electrodes. The embodiment of plasma lens
used at LBNL is shown in Fig. 15.

The characteristics and focusing properties of these
lenses were explored as a function of externally applied elec-
trode potential distribution, magnetic field strength, and man-
ner of establishing the magnetic field (i.e., solenoid or per-
manent magnets), total ion beam current transported, initial
beam diameter, and ion species. The experiments confirm that
the plasma lens is effective in focusing large area (up to D
= 10 cm), high-current (up to 1 A), heavy metal ion beams
with moderate energy (5–100 keV). The focusing properties
of the lens are similar, under the same parametric conditions,
for both the cases when the lens magnetic field is established
by a current-driven solenoid and with a permanent magnet
array.

The experiments show that for a large-area ion beam the
focusing properties are more distinct when the initial beam di-
ameter equals the lens input aperture diameter. The maximum
compression for a tantalum ion beam was a factor of 5–7 for
the optimal lens potential distribution, for the case of a beam

FIG. 16. Radial ion beam current density profile at the Faraday cup location.
Reprinted with permission from A. A. Goncharov and I. G. Brown, IEEE
Trans. Plasma Sci. 32, 80 (2004). Copyright 2004 Institute of Electrical and
Electronics Engineers, Inc.

with initial diameter 6 cm. For the case of a tantalum beam
with diameter 10 cm, the maximum beam compression at the
lens focus was approximately a factor of 30, with current den-
sity up to 32 mA/cm2. Focusing of different ion beams species
(C, Mg, Cu, Nb, Ta, Pb, Bi) was investigated. The best results
were obtained for Bi, Pb, and Ta. In Fig. 16, one can see good
bismuth beam compression for the case of optimal electrode
potential distribution.

The maximum ion beam compression for Bi was up to a
factor of 30−40, and the low-noise focused beam current den-
sity was up to 45 mA/cm2. At the same time, the total trans-
ported ion beam current increased by up to 30%. The exper-
imental results imply that the maximum beam compression
factor is restricted by non-removable spherical aberrations
because of the finite width of the lens electrodes. Oscillo-
grams showing the ion beam current collected by the on-axis
Faraday cup for the lens on, and with the optimal potential
distribution, compared to the case with lens off, are shown in
Fig. 17. Importantly, note that the pulse shape of the focused
beam follows the initial beam pulse shape. That is, under these
conditions the lens neither distorts the focused beam pulse-
shape nor introduces any additional beam noise.

These experimental results were used for theoretical
analysis and computer simulation of the plasma formation
processes within the lens volume (see Fig. 15).35, 36 Some
of these results are shown in Figs. 18 and 19 (see Refs. 35
and 36 for more detail). These data show clearly the forma-
tion within the lens of layered electron structures (Fig. 18)
due to the finite width of the ring-electrodes. This means that
the presence of spherical aberrations restricts the maximum
compression of the focused ion beam. This is confirmed in
Fig. 19, which models the ion beam focusing for the experi-
mental conditions used. The maximum compression obtained
by computer simulation is in good accordance with experi-
mental results.

There is yet another important factor that can degrade
the ion beam focusing. This is connected with a drift
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FIG. 17. Oscillograms of the beam current (in “average” mode) at the on-
axis Faraday cup, for the case of maximum current compression and when
the lens electrode potential distribution is optimum. Beam accelerating volt-
age ϕb = 34 kV, ϕL = 7.7 kV, B = 300 G. Upper trace: ion source arc cur-
rent (200 A/cm). Vertical scale 14 mA/cm for both middle (plasma lens on)
and lower (plasma lens off) traces; horizontal scale 50 μs/cm sweep speed.
Reprinted with permission from Appl. Phys. Lett. 75, 911 (1999). Copyright
1999 American Institute of Physics.

instability arising in inhomogeneous crossed E⊥B fields in
the lens volume due to the inherent non-removable radial gra-
dient of magnetic field. These collective processes were first
observed in experiments described in Ref. 16. When a hy-
drogen ion beam was transported through the lens, small-
scale turbulent oscillations arise in the 20–50 MHz frequency
range. A linear dispersion equation for two-dimensional os-
cillations was obtained that allowed us to explain qualita-
tively the regularities observed in the experiments. Further
understanding of the instability mechanisms requires study-
ing the nonlinear dynamics of electrons within the plasma
lens medium. A nonlinear equation for the perturbation elec-
tric potential has been obtained,37, 39 describing the dynamics

FIG. 18. Electron space charge distribution in the plasma lens volume for the
optimal lens potential distribution. The background ion space charge is 0.43
CGSE units/cm3. Shaded areas – electron space charge density (Qe ≥ 0.86
CGSE units/cm3). (Units of r and z axes are cm). Reprinted with permission
from Rev. Sci. Instrum. 75, 1662 (2004). Copyright 2004 American Institute
of Physics.

FIG. 19. Ion beam particle trajectories for the case of Fig. 18. (Units of r and
z axes are cm). Reprinted with permission from Rev. Sci. Instrum. 75, 1662
(2004). Copyright 2004 American Institute of Physics.

of the generation and evolution of electron wave vortex-like
structures within the lens. This equation describes the devel-
opment of both large scale, low frequency, vortex structures
and small scale, high frequency vortices. Using heavy ion
beams we could distinguish regular low frequency (0.2−2
Mhz) electrostatic potential waves rotating around the lens
axis, and irregular small scale noise in the 20–50 MHz
range.16, 32, 38, 42 These results are in good accordance with the-
oretical analysis of the excitation and evolution of electron
vortex-like structures in the high current plasma lens.37–39

It was noted that the ion beam noise (beam current fluc-
tuation level) inherent to the vacuum arc ion source can be
enhanced when the beam passes through a region of the lens
volume. We found experimentally that there is a very narrow
range of low magnetic fields, with ρe ≤ R (where ρe is the
electron Larmor radius and R is the lens radius), for which the
focusing properties of the lens improve dramatically. At the
same time, in this range the turbulence level in the lens vol-
ume and in the focused ion beam decrease by more than an
order of magnitude (Fig. 20). Under these conditions the max-
imum beam compression significantly exceeds that obtained
for typical lens magnetic fields. Note also that computer sim-
ulation results indicate that in this case spherical aberrations
in main lens volume can be eliminated.

The simple design, flexibility, robust construction, the
need for only a single power supply, and the high efficiency
are all attractive advantages of a lens using permanent mag-
nets rather than current-driven coils. The use of small perma-
nent magnets for establishing the required magnetic field con-
figuration provides the possibility for development of a new
generation of plasma lenses. Such advanced, improved, and
cost effective lenses with low noise and minimal spherical
aberrations could be used in the low energy injection beam
lines of heavy ion linear accelerators, for example, between
the ion source and the RFQ pre-accelerator system where
there exists a severe concern of beam space-charge blow-up.
There remains, however, one very important factor that could
restrict the use of the plasma lens for accelerator applications,
namely, the possibility of a negative influence of the lens on
the emittance of the ion beam due to inherent lens noise and
aberrations.
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FIG. 20. Characteristics of plasma lens in the low magnetic field regime.
(Upper) ion current density at collector as a function of lens magnetic field
strength. (Middle) capacitive probe signal (noise amplitude) within the lens
volume as a function of lens magnetic field. (Lower) amplitude of modula-
tion in ion current density (noise amplitude) as a function of lens magnetic
field. Reprinted with permission from Rev. Sci. Instrum. 75, 1662 (2004).
Copyright 2004 American Institute of Physics.

VI. EFFECT OF PLASMA LENS ON ION BEAM
EMITTANCE

In the work described in Refs. 40 and 41, we car-
ried out measurements of the emittance of a high current,
moderate energy ion beam following its transport through a
permanent-magnet electrostatic plasma lens. We used an ad-
vanced plasma lens with minimized magnetic field gradients
in the range of low magnetic fields for which ρe ≈ R (where
ρe is the electron Larmor radius and R is the typical lens di-
mension). According to Eq. (5), this should significantly de-
crease the influence of spherical aberrations (the second term
in Eq. (5) disappears). A simplified schematic of the lens with
its improved magnetic field configuration is shown in Fig. 21.
This plasma lens has a 13-electrode system with 74 mm input
aperture and 16 cm length. A maximum voltage ϕL of up to
+4.7 kV (dc or pulsed) was applied to the central electrode.
The lens magnetic field was formed by Fe-Nd-B permanent
magnets, and at the center of the lens B = 126 G. The mag-
netic field configuration was determined by numerical calcu-
lations to minimize magnetic field gradients. In Fig. 22, one
can see that the radial gradient of magnetic field is very small,
and the range of the uniform magnetic field in the axial direc-
tion is extended.

FIG. 21. Plasma lens with minimized magnetic field gradients. 1 − perma-
nent magnets; 2 − magnetic conductor; 3 − magnetic field lines; 4 − elec-
trodes; 5 − interelectrode insulating spacers; 6 − metal grid. Reprinted with
permission from A. A. Goncharov and I. G. Brown, IEEE Trans. Plasma Sci.
35, 986 (2007).

The results of our explorations show that the emittance of
the high current ion beam does not grow due to the lens, when
the lens is adjusted for optimal beam focusing (implying also
suppression of noise and removal of spherical aberrations).
The emittance measured by a “pepper pot” technique for a
16 keV, 250 mA, Cu ion beam produced by a vacuum arc ion
source was about 0.6π mm mrad at a beam current of 50 mA,

FIG. 22. Radial and axial distribution of magnetic field in the lens; 1 – calcu-
lated distribution; 2 – measured distribution. Reprinted with permission from
A. A. Goncharov and I. G. Brown, IEEE Trans. Plasma Sci. 35, 986 (2007).
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FIG. 23. Dependencies of the normalized emittance on ion beam current,
with the lens turned off and on. Reprinted with permission from Appl. Phys.
Lett. 86, 041502 (2005). Copyright 2005 American Institute of Physics.

increasing more-or-less linearly to 2.2π mm mrad at 250 mA,
and was conserved during beam transport through the lens
(Fig. 23). We see that for these experimental conditions the
lens has no significant influence on the ion beam emittance
over a wide range of beam current.

Another important result was that the absolute value of
the emittance was found to be much greater than anticipated.
This discrepancy is likely a result of the multi-aperture ion
optic system (ion source extractor) and by the fact that the
divergence of the ion beam is mainly due to non-thermal
effects.

VII. FACTORS RESTRICTING THE MAXIMUM
COMPRESSION OF WIDE-APERTURE INTENSE ION
BEAMS FOCUSED BY THE PLASMA LENS

As has been shown in Ref. 17 and mentioned above,
the maximum compression factor for wide aperture, low
divergence, heavy ion beams focused by the plasma lens
can be limited by lens static and dynamic aberrations, non-
compensated space charge, and final phase volume of the
focused beam. Using a plasma lens with small radial mag-
netic field gradients in the low magnetic field regime,40 we
could greatly reduce the noise and spherical aberrations and
also the influence of space charge. As a result, we obtained
a maximum compression factor for optimum lens operation
of 30−40, as we had obtained previously in a number of ex-
periments. Taking into consideration the actual experimental
value of emittance of the focused ion beam, we believe that
these results indicate that the maximum compression factor is
limited primarily by the beam emittance as determined by the
ion source beam formation electrodes. Similarly, the focus-
ing of single-aperture, high-divergence, high-brightness ion
beams can be restricted by the maximum initial beam density
at the extraction hole according to the Langmuir formula.

In order to focus properly, neutralization of the medium
in the lens volume is required. The neutralization process
takes some time due to finite electron mobility and other fac-
tors, and this feature can lead to restrictions on the simple and
straightforward application of the plasma lens for the focusing
of very short pulse ion beams.

VIII. CONCLUSION

We have summarized work carried out over more than
half a century on the electrostatic plasma lens based on the
plasma optical principles of magnetic electron isolation and
equipotentialization along magnetic field lines. Many attrac-
tive possibilities for focusing and manipulating high current
energetic positive heavy ion beams have been demonstrated.
At the current level of investigation, these plasma optical
tools could find effective and relatively low cost applica-
tion in the low energy beam lines of heavy linear accelera-
tors between the ion source system and the accelerator en-
trance. Application for high-dose ion implantation has also
been demonstrated.43 Further development of plasma lenses
could be connected to applications for focusing short-pulse,
high-energy, high-brightness, intense ion beams in heavy ion
fusion experiments.44 This may require further experimen-
tal and theoretical research for creating the optimal plasma
medium within the lens volume for very short pulse ion beams
for which the pulse duration is comparable to or less than the
time for electron compensation.

The plasma lens configuration involving crossed E and
B fields and the particular ion-electron plasma medium, leads
to very convenient conditions for exploration of fundamental
phenomena of collective processes due to interaction of the
propagating ion beam with magnetized electrons, leading to
the appearance of electron vortex structures. For example, the
generation of large scale electron vortices in the plasma lens
volume has been experimentally observed.42

The plasma lens configuration provides an attractive
method for establishing a stable plasma discharge at low
pressure.45, 46 Use of the lens configuration in this way has
been applied for low cost, low maintenance, high reliability
plasma generation devices using permanent magnets for ion
cleaning, activation and polishing of substrates directly before
deposition, and for sputtering. They can operate separately
and in a single processing cycle with a sputtering system.

We point out that these devices46, 47 can also operate with
a positive space charge cloud, and thereby find application
for focusing and manipulating intense negative ion beams and
electron beams. The focusing of laser produced plasma may
also be a new field of application.48
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