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Abstract

Space charge lenses using a stable electron cloud for fo-
cusing low energy heavy ion beams are an alternative con-
cept to conventional ion optics. Due to external fields elec-
trons are confined inside the lens volume. In case of a ho-
mogeneously distributed electron cloud the linear electric
space charge field enables beam focusing free of aberra-
tion.

Since the mapping quality of the lens is related to the
confinement, non-destructive diagnostics has been devel-
oped to determine the plasma parameters and to charac-
terize the collective behavior of the confined nonneutral
plasma.

Moreover, a scaled up space charge lens was constructed
for a detailed investigation of the nonneutral plasma prop-
erties as well as beam interactions with a stable confined
electron cloud.

Experimental results will be presented in comparison
with numerical simulations.

SPACE CHARGE LENS

A new space charge lens prototype was designed and
constructed for the possible application at the HSI upgrade
at GSI (Darmstadt). The device (Fig. 1) has an aperture of

Figure 1: Mechanical drawing (left) and photograph (right)
of the space charge lens prototype.

75 mm, an overall length of 436 mm with maximum mag-
netic field strength of 160 mT and potential of 50 kV. In
order to focus a 2.2 keV/u U4+-beam free of aberration a
homogeneous electron distribution is required.

Numerical simulations by the use ofΦA=30 kV elec-
trode potential and the magnetic field of Bz=13 mT for
the confinement of the nonneutral plasma results in
a nearly homogeneous electron density distribution of
ne,max=2.7·1014 m−3 [1].
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† Schulte@iap.uni-frankfurt.de

In terms of commissioning, the lens had initially to be
conditioned to the nominal values to prevent sparking. First
optical measurements of the plasma density distribution are
presented in Fig. 2 and show the strong dependency of the
plasma state on the enclosing fields. For an optimized per-

Figure 2: Measurement of the plasma light density distri-
bution as a function of the anode potential for the space
charge lens prototype, Bz=10.5 mT, p=1.1·10−6 hPa.

formance of the space charge lens the influence of the ex-
ternal parameters on the collective behavior of the electron
cloud have to be investigated in detail. Therefore, vari-
ous experiments with different types of space charge lenses
have been established to determine the plasma parameters
as well as to evaluate the diagnostic methods.

PLASMA INSTABILITIES

Following theoretical predictions the state of the non-
neutral plasma strongly depends on the ratio of the exter-
nal magnetic and electric field strengths. In this context
the work function represents the configuration of external
fields to form a homogeneous electron distribution inside
the lens volume. Far from this configuration the appear-
ance of instabilities can be observed (Fig. 3).

Furthermore, measurements show a dependency of the
plasma state not only on the enclosing fields but also on the
residual gas pressure (Fig. 4). The field and the pressure
dependency of the plasma state is strongly coupled with a
variation in the electron production rate.

To establish a better understanding of the collective be-
havior of the electron cloud in dependence on external pa-
rameters like magnetic field, potential as well as geome-
try a 3D-Particle-in-Cell simulation was used (Fig. 5) [3].
Furthermore, for the experimental investigation of the dio-
cotron instability and accordingly the plasma state a time-
resolved diagnostic was developed.
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Figure 3: Measurements of the ion current and light den-
sity distribution profile in the region of instabilities (A,C)
and in the region of the lens work function (B) (top),
ΦA=4 kV, p=6·10−4 hPa (He). Work function of the used
space charge lens (bottom).

Figure 4: Picture of a diocotron instability for different
pressures of helium and similar field strengths,ΦA=6.5 kV,
Bz=12.1 mT, p=7.8·10−5 hPa (left) and ΦA=6.5 kV,
Bz=12.9 mT, p=48·10−5 hPa (right).

Time-Resolved Optical Diagnostics

The evolution of the diocotron instability occures within
nanosecond to millisecond time scale and, of course, de-
mands a high temporale resolution of the diagnostic sys-
tem.

Due to the anode potential and the filling degree of the
space charge lens the positive charged residual gas ions are
accelerated out of the lens volume. In the case of an un-

Figure 5: Numerical simulation of a typical time dependent
evolution of a diocotron instabilty in the space charge lens.

stable electron cloud the detected ion current shows a peri-
odic structure that is used as a trigger-signal for the time-
resolved optical diagnostic. Figure 6 shows the evolution

Figure 6: Time-resolved measurement of the diocotron
instability within 2 ms time steps. Measurement of
the ion current used as trigger-signal, intensity, and the
symmetry of the plasma cloud,ΦA=3.4 kV, Bz=12 mT,
p=7.9·10−4 hPa (He) (right).

of the instability within 10 ms. This is equivalent to the
length of one periode of the detected ion current signal.

The measured ion current, the intensity as well as the
symmetry of the light density distribution are strongly cor-
related.

The symmetry factor is used to evaluate the plasma state
from the optical measurements and is described as:

Ssym =
µI

σ2
I
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where I is the radial intensity from the center of mass to the
edge of the plasma cloud for several angles.

Time-Resolved Emittance Measurement of Resid-
ual Gas Ions

The measurement of the time variant phase space distri-
bution of extracted residual gas ions by a pepperpot emit-
tance scanner enables the determination of changes in the
plasma state as well as in the production region. The max-
imum time resolution of this diagnostic method is in the
range of milliseconds [2].

As an example the measured emittance of the residual
gas ions is shown in Fig. 7.
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Figure 7: Measured transversal phase space distribution of
emitted particles from the space charge lens.

DETERMINATION OF PLASMA
PARAMETERS

Since the electric space charge field is related to the elec-
tron density as well as the electron temperature, the deter-
mination of the plasma parameters is essential for an opti-
mized performance of the lens.

Electron Density

As a result of surpressing the applied anode voltage by
enclosed electrons the extracted residual gas ions have a
reduced kinetic energy. By measuring the ion energy with
a momentum spectrometer one can determine the electron
density by use of:

n̄e =
4ǫ0∆Φ

er2
(2)

where∆Φ is the difference of the anode voltage and the
surpressed voltage. r is the radius of the electrode.

Experimental results implicate that there are different re-
gions of production within the electron plasma. This is also
validated by numerical simulations (Fig. 8). The average

Figure 8: Scheme of electron density measurement tech-
nique. (A) represents the potential depression by the elec-
trons and (B) shows the measured ion current for the dif-
ferent production regions within the plasma (C).

electron density is calculated from peak 1. Peak 2 is a re-
sult of the ion production in a sheath of the anode surface.
In this region the produced electrons are rapidly attracted
and do not contribute to the average density.

The measured average electron densities are in good
agreement with numerical values.

Electron Temperature

For the evaluation of the plasma dynamics with respect
to loss- and production mechanisms the knowledge of the
electron temperature is of great importance. However, con-
ventional diagnostic methods for determining the electron
temperature are not suited for the nonneutral plasma.

To overcome the difficulties of electron temperature
measurement the determination of Te by considering the
optical-emission cross sections is currently under investi-
gation [4].

The optical method to study collision processes between
electrons and atoms directly relates the emitted atomic line
intensities to the electron energy. The electron tempera-
ture of the nonneutral plasma results then from the ratio
of measured optical excitation functions for different emis-
sion lines.

Based on this principle the temperature using optical-
emission cross section data from [5] was determined. Fig-
ure 9 shows a clear discrepancy of the results in electron
temperature between experimental data and numerical pre-
diction.
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Figure 9: Measured electron temperature compared to the
numerical simulation, Bz=8.7 mT, p=4.8·10−4 hPa (He).

To further investigate the interaction of electrons with
neutral atoms and to expand the actual database of optical
excitation functions a new experiment has been prepared.

CONCLUSION AND OUTLOOK

The space charge lens protoype was commissioned and
first experimental results of the plasma state due to the en-
closing fields were presented. A time-resolved optical di-
agnostic was developed to study plasma instabilities. Meth-
ods to determine the plasma parameters were discussed and
will be further investigated.
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