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Abstract
Space charge lenses are ion-optical devices that focus

an ion beam by the intrinsic electric field of confined non-
neutral plasmas, for example electron clouds. This was
first proposed by Dennis Gabor in the year 1947 [1] and is
therefore also known as Gabor-lenses.

Previous studies have shown the strong linear focusing
forces of a confined electron plasma [2]. In this paper, the
first confinement of a pure proton plasma in a Gabor-lens will
be discussed. The confinement of a positive space charge col-
umn provides either a linear de-focusing force for positively
charged ion beams or a linear focusing force for negatively
charged heavy ion beams. Very first results of proton con-
finements and their diagnostics will be presented. A special
focus lies on the diagnosis of the proton density distribution,
as well as the comparison between the behavior of the proton
and electron clouds.

INTRODUCTION
Various Gabor-lenses have been studied at the Institute

of Applied Physics in Frankfurt for over 20 years. Until
now, the experimental focus has been on the confinement of
electron clouds. In this paper the first experiments related
to proton confinement are presented and discussed.

Gabor-lenses are magnetron like traps for charged parti-
cles. The radial confinement is ensured by a longitudinal
magnetic field, while the longitudinal confinement is re-
alized by a longitudinal potential, shaped by an electrode
system consisting of three cylindrical tubes.

For the experiments a reliable Gabor-lens GL9000, which
is integrated into an automated test setup with various diag-
nostic options, was used.

There are well known and tested methods for determining
the trapping efficiencies of the lens 𝜅𝑙 , 𝜅𝑟 [3] and the density
distributions off electron clouds. These methods were ex-
amined for their possible applicability to proton clouds and
their limits were evaluated.

Initial attempts to determine the longitudinal trapping ef-
ficiency 𝜅𝑙 by measuring the longitudinal accelerated and
extracted electrons using a momentum spectrometer were
unsuccessful. The strong magnetic fields of the solenoid
cause the electrons to follow the field lines, making mo-
mentum spectroscopy of them impossible with the existing
setup.

Measuring the currents on the cathode (Leakage-Current
LC) on the other hand, enables an estimation to be drawn
about production and loss rates. They do not allow an ex-
act determination of the proton density, but are helpful as
∗ doenges@iap.uni-frankfurt.de

additional parameters for characterizing the plasma and are
therefore presented here and compared with those of electron
clouds.

The residual gas within the volume interacts with the
existing plasma, which makes optical analysis possible. In
this context, several measurements were taken with a CCD
camera in different wavelength ranges and were evaluated.

THEORY
The maximum density 𝑛𝑚𝑎𝑥 for the trapped charged par-

ticles is determined for radial confinement by:

𝑛𝑟 ,max =
𝜖0𝐵

2

2𝑚
(1)

and for the longitudinal confinement:

𝑛𝑙,max =
4𝜖0𝜙

𝑒𝑟2 , (2)

with magnetic field 𝐵, applied potential 𝜙 and 𝑟 is the radius
of the confined plasma. Equalizing the two densities gives
the operation function for the Gabor lens:

𝜙 =
𝐵2𝑒𝑟2

8𝑚
. (3)

Except for the mass of the particles, the operation function
of the lens for electrons and protons should therefore not
differ. With a correspondingly higher scaled magnetic field
by a factor of

√︁
𝑚proton/𝑚electron =

√
1836.15 ≈ 42.85 with

respect to the larger mass, a comparable behavior is been
expected.

As a focusing element for positivly charged ion beams
with confined electrons the magnetic field of the lens can
be neglected. With the significantly higher magnetic field
required for the confinement of protons, the focusing effect
of the magnetic field is no longer negligible. If the magnetic
field of the Gabor lens is approached by means of a solenoid
Eq. (5), the comparison of the focusing of the magnetic field
and the defocusing Eq. (4) by means of space charge shows
a mutual canceling out for protons as beam particles and
plasma [4],

1
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= −
𝑞𝑝
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𝑞𝑏𝐿𝐵
2

8𝐸𝑘

, (5)

where the index 𝑝 stands for the plasma particles of the lens
and 𝑏 for the beam particles. 𝐿 is the length of the solenoid
or plasma cloud. The de-focusing outweighs the focusing of
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Figure 1: Simplified scheme of the setup.

the solenoid for heavier masses 𝑚𝑏 or higher charge states
𝑞𝑝 and is therefore suitable for use as a de-focusing element
for heavy ions.

MEASUREMENTS
Setup

All measurements were taken using GL9000, illustrated
in Fig. 1. The ground electrodes have an inner radius of
73 mm and are spaced 286.6 mm apart. The magnetic field
on the beam axis is about 8.6 mT for a current of 10 A.

Leakage-Current
In a first step the LC was measured for electron confine-

ment in the region of the operation function as shown in
Fig. 2. The kind of fingertip stopband structures on the sur-
face are currently being examined in a separate work [5].
For comparison, a measurement in the range from 125 A
to 630 A as solenoid current 𝐼solenoid would be suitable as
this would take the difference in mass into account. Un-
fortunately, we are limited to a maximum solenoid current
of 125 A, which corresponds to a current of about 3 A for
electron confinement. In this range no stable confinement
for electrons could be realized so far. However the con-
finement for proton was possible with low magnetic fields
driven by a current of 40 A, witch corresponding to 0.93 A
for the electron confinement with the same device. There-
fore, the parameter space for the measured heat maps, shown
in Figs. 2 and 3, differ for the radial confinement. The blue
line is the threshold at which the LC starts to increase. It
seems to correspond well with the point at which a corona
discharge can be seen at the edge of the cathode. It was fitted
with the following formula:

𝜙 = 𝑑2 𝐵
2𝑞

𝑚𝑒

,

where 𝑑 is the diameter of the gyrational movement resulting
from the ExB-drift and was determined here using the data
to be 4.3 mm, which corresponds to a first approximation of
the radial distance from the ground electrode to the cathode.

It is therefore reasonable to assume that an unwanted
discharge only takes place when the drift distance of the
electrons emitted at the cathode becomes large, as they no
longer collide directly with the ground electrode. On the
other hand this effect could serve as a filling mechanism for
the confinement of protons, but have to be investigated in
more detail.

Figure 2: LC Measurement for electron confinement with a
residual gas of 2.4 × 10−4 Pa H2.

Figure 3: LC Measurement for proton confinement with a
residual gas of 2.4 × 10−4 Pa H2. The blue line represents
the fitted corona-threshold.

Optical Diagnosis
For the optical diagnosis, a CCD-Camera was mounted in

axial direction at a distance of 0.39 meters from the borosil-
icate glass window. The intensity of the residual gas fluo-
rescence was observed in the entire visible range as well as
in sections using narrow band filters. A H-alpha (656 nm),
H-beta (486 nm) and an OIII (501 nm) filter were used.
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Figure 4: Residual gas fluorescence of hydrogen at 𝜙 =

9.9 kV, 𝐼 = 120 A and a pressure of 5 × 10−4 Pa. The entire
spectrum in the visible range can be seen in red. The other
colors correspond to narrow band filters of the transitions:
H-alpha (blue), H-beta (orange), OIII (green). All measure-
ments were normalized.

Figure 5: Residual gas fluorescence of hydrogen (blue and
orange) and helium (green) at 𝜙 = 9.9 kV and a pressure of
5 × 10−4 Pa, through the H-alpha filter at 𝐼 = 120 A (blue),
𝐼 = 86 A (orange) and 𝐼 = 86 A (green). All measurements
were normalized.

Figure 4 shows the radial light intensity for different wave-
length ranges. It can be clearly seen how that OIII image
profile follows is comparable to that without a optical filter.
The profiles for the H-alpha and H-beta transition deviate
and show two symmetrical local maxima at positions ∼650
and ∼950. These can be traced back to excited hydrogen.
The structures in the range of ∼150 to ∼400 pixels are re-
flections on structures of the rear vacuum tank as well as
superimposed luminous phenomena in the borosilicate glass.
The dominant fluorescence of the corona discharge in the
gap between the rear ground electrode and the cathode can
be seen at the edges.

A possible interpretation is that the peaks in the hydrogen
spectrum reflect the radial density distribution of the protons

as they excite the neutral hydrogen. This assumption is
supported by the fact that the hydrogen peaks are not visible
when helium is included as a residual gas (Fig. 5 green trace).
This means that the peaks cannot be part of the continuous
spectrum of luminous phenomena that form in borosilicate
glass. The fluorescence in the glass could be caused by
the electrons that are accelerated out of the Gabor-lens and
hit the borosilicate glass. It is therefore possible to use a
hydrogen filter to suppress the disturbing fluorescence in the
glass in order to identify the residual gas fluorescence caused
by hydrogen protons collision. Reducing the magnetic field
by reducing the current should lead to a lower proton density.
The decrease in light intensity and contraction of the cloud
as shown in Fig. 5 (blue and orange) and is consistent with
this assumption.

CONCLUSION
Even if it is not surprising that the magnetic field of

GL9000 is not high enough as it is not designed for this
purpose, we wanted to test the limits and gain initial experi-
ence with a robust, well-tested lens. The fact that it was still
possible to carry out measurements and generate valuable
data was a success. It could be shown that a proton confine-
ment is possible, new information about filling mechanisms
and diagnostics strategies could be obtained. For the later it
was shown that optical spectra in the region of the H-alpha
and H-beta line are suitable for investigation of the radial
plasma density.

As a consequence of the presented results, a new electrode
system is currently under construction which will be embed-
ded into a solenoid that achieves magnetic field strengths
over three times higher than the current setup. This will
also make it possible to measure the proton confinement
in the region of the operation function and enables further
investigation in the field of pure proton plasma.
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