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Abstract: A compact microwave ECR ion source with low operating power was tested and com-
missioned for the ion injector line in the multipurpose low-energy ELASR storage ring facility at
King Abdulaziz City for Science and Technology (KACST) in Riyadh. The compact ECR ion source
can deliver singly charged ions with an energy of up to 50 keV and a beam current of up to 50 µA
or up to 500 µA with a larger extraction aperture. The plasma in the ECR chamber is driven by a
simple transmitter antenna, making the overall size of the ion source only 6 cm in diameter, which is
relatively small when compared with other ECR systems. Additionally, the source operates without a
high-voltage platform, which significantly reduces the overall footprint and simplifies the system op-
eration. In this paper, the mechanical design and modeling of the ECR ion source are introduced, and
the layout of the first part of the beam line is presented along with the numerical simulation results.
In addition, the experimental results obtained for the first generated ion beam and commissioning of
the ECR ion source are introduced and discussed.

Keywords: electrostatic storage ring; electrostatic injector ions line; ECR ion source; electrostatic
einzel lens; PBO Lab simulation software

1. Introduction

In the last 20 years, there has been growing interest in the use of electrostatic storage
ring devices in many applications in atomic and molecular physics, as well as in bio-
logical and macroparticle sciences [1–4]. For instance, the storage ring can be equipped
with either crossed- or merged-beam configurations or to perform different low-energy
physics interactions, such as electron–ion, laser–ion, ion–ion, or ion–neutral collisions.
An important feature that makes electrostatic storage rings very attractive devices is that
there is no mass limitation for the stored ions because the electrostatic field rigidity (ρE) is
mass-independent (ρE = 2T/q, where T is the kinetic energy of the particle and q is the
charge state).

The ELectrostAtic Storage Ring (ELASR) facility for atomic and molecular collisions
has been designed and is currently under construction and final commissioning at the
King Abdulaziz City for Science and Technology (KACST), Riyadh, Saudi Arabia [5–7].
As shown in Figure 1, the electrostatic storage ring is the core of the facility, and it is
finally integrated with a versatile ion injector beam line. This injector was equipped with
a high-resolution mass-analyzing magnet, which was designed to handle molecular ion
masses of up to 1500 amu with a mass resolution of ∆m/m = 1:1500 [8]. The ELASR storage
ring is a prototype of the electrostatic storage ring (ELISA) at Arhus, Denmark [1]. The
main difference between these two storage rings is in the type of the ion source as well
as the use of a high-resolution magnet to provide the ELASR by selected ion molecular
beams [1,5,6]. Moreover, our design features a rather significantly small deflection in a
parallel plate deflector (PPD) with a deflecting angle of 7◦. This is significantly smaller than
the deflecting angle in existing rings, which range between 10◦ and 15◦. This allows us to
lower the switching voltage during beam injection and hence reduces switching times and
injection effects.
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with two grounded electrodes and a central cylindrical electrode at a typical voltage of 
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forms an integral part of the beam extraction system, with a focusing electrode in the ECR 
ion source. The ECR plasma is generated in the plasma chamber under the influence of a 
gradient magnetic field configuration. This is created by permanent magnets which are 
positioned around the chamber and microwave power in such a way that free electrons 
can absorb the microwave power and heat up to the point that they can ionize the gas 
molecules. This can be performed when the microwave frequency matches the angular 
frequency of electrons (resonances) [9]. The beam is then generated in the ECR plasma 
chamber and then shaped and transported to the Faraday cup, located 1200 mm away 
from the ECR plasma  extraction port. The extraction system adopted provides flexibility 
by using a double extraction electrode on the source for beam extraction optics optimiza-
tion.  

Figure 1. Overview of the ELASR facility structure.

A very compact microwave ECR ion source with low operating costs was integrated
into a versatile ion injector beam line to provide the ELASR ring with the required ion
beam. The ECR ion source provides singly charged ions to the ring with an energy of up
to 50 keV, beam intensity of 107 ions/s, and beam emittance of 15 π mm mrad (the beam
energy at beam emittance of 15 π mm mrad is 40 keV).

It is also intended to operate the ion source system and the following focusing and
deflection system independently, as a single-pass experiment for different applications. In
this case, the source can deliver a beam with an energy of up to 50 keV and a beam current
of 50 µA or more, depending on the extraction aperture used. The scope of this contribution
is to present the commissioning of a 50 keV ECR ion source and report the production of a
high-beam transmission with good temporal stability.

2. ECR Ion Source Mechanical Design

The ECR ion source was mounted along the axis of the beamline injector in a separate
vacuum chamber. Immediately after the ion source, an electrostatic Einzel lens system
with two grounded electrodes and a central cylindrical electrode at a typical voltage of
50% of the source voltage was used to focus the ion beam radially. The Einzel lens system
forms an integral part of the beam extraction system, with a focusing electrode in the ECR
ion source. The ECR plasma is generated in the plasma chamber under the influence of a
gradient magnetic field configuration. This is created by permanent magnets which are
positioned around the chamber and microwave power in such a way that free electrons
can absorb the microwave power and heat up to the point that they can ionize the gas
molecules. This can be performed when the microwave frequency matches the angular
frequency of electrons (resonances) [9]. The beam is then generated in the ECR plasma
chamber and then shaped and transported to the Faraday cup, located 1200 mm away from
the ECR plasma extraction port. The extraction system adopted provides flexibility by
using a double extraction electrode on the source for beam extraction optics optimization.

The ECR ion source is equipped with a gas flow control, two high-potential feedthrough
ports for the source voltage (HV feedthrough) and the focusing electrode, a UHF signal
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feeding the source with a simple SMA coaxial cable, and input and output cooling pipes, as
shown in Figure 2. The system does not require a high-voltage platform, which reduces the
installation size and makes its operation safe and easy to use [10]. Inside the ECR chamber,
a tube contains all the relevant components, namely, the gas feeding tubes, which are filled
with Al2O3 powder to avoid the discharge condition tracking along the gas path into the
plasma cylinder, and the UHF signal connector [11], which has two stages of insulation
to avoid signal reflection. The tube and all the components were inserted into the CF160
vacuum chamber, and they were all fully under vacuum (between 10−6 up to 10−7 mbar).
By comparing the current ion source to the old version (Cold Cathode Ions Source CCIS)
which needs a high-voltage platform with isolators and transformer. In addition, it needs a
high safety system and restricted regulations at high voltage values [12].
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Figure 2. CAD drawing of the ECR and its internal components.

The geometry of the ECR plasma chamber was chosen to be as compact as possible,
allowing for a reasonable power density and maintaining the Paschen conditions for
plasma ignition. A quarter wave geometry at a frequency around 2.45 GHz was chosen
for this purpose, which corresponds to an antenna of length about 27 mm. The power is
distributed inside the plasma chamber volume by a single antenna of 27 mm length,
which is surrounded by three grounded couplers antennas to minimize the required
power needed to make plasma ignition. In order to create a magnetic field inside the
plasma chamber, magnets are positioned around the chamber. The resulting magnetic field
decreases gradient from the mid plane of the chamber towards the extraction plane. At
the maximum region of the electric field created by the antenna, the electron cyclotron
resonance (ECR) is placed (this is a patented work of microwave discharge system by
Polygon Physics company) [13,14].

The design provided a single-stage beam acceleration of up to 50 keV. The beam
generated in the ECR plasma chamber was focused by an electrostatic focusing electrode,
which can be placed either 10 mm or 20 mm away from the ECR plasma extraction chamber
port, depending on the beam requirements. The focusing electrode had an aperture of 8
mm in diameter and was floated to an adjustable potential of up to 50 kV. Following the
focusing electrode, a grounded electrode with a 10 mm diameter aperture was attached to
the housing tube within a positioning margin of up to 50 mm from the focusing electrode.
The final assembly of the ECR ion source is illustrated in Figure 3.



Instruments 2023, 7, 11 4 of 10

Instruments 2023, 6, x FOR PEER REVIEW 4 of 10 
 

 

Depending on what kind of ions will be extracted at a specific energy from the ion 
source, beam extraction will be optimized by a laterally movable electrode which also 
forms the first grounded electrode of the einzel  lens. The detailed design of the ion extrac-
tion system was already described in [15]. 

 

Figure 3. The final assembly of the ECR system. 

3. Layout and Simulation of the First Part of the Ion Beam Injector Line 
In this section, the first part of the single-pass beam line, which is used to transport 

and measure the first-ion beam current using the new ECR ion source, is presented. The 
layout of this section, along with its important components, is illustrated in Figure 4 (with-
out the ion source chamber). 

 
Figure 4. Layout of the first part of the single-pass ions beam injector line which contains an einzel 
lens, a slit, a parallel plate deflector (PPD), and a Faraday cup (FC). 

In this injection line, the ECR ion source and axial low-energy beam transport line 
are mainly composed of an einzel lens combined with an electrostatic quadrupole, a set 
of deflectors, and diagnostic devices. The deflector was used in a set of parallel-plate dou-
blets, which allowed closed-orbit corrections in both the horizontal and vertical planes. 

Figure 3. The final assembly of the ECR system.

Depending on what kind of ions will be extracted at a specific energy from the ion
source, beam extraction will be optimized by a laterally movable electrode which also forms
the first grounded electrode of the einzel lens. The detailed design of the ion extraction
system was already described in [15].

3. Layout and Simulation of the First Part of the Ion Beam Injector Line

In this section, the first part of the single-pass beam line, which is used to transport and
measure the first-ion beam current using the new ECR ion source, is presented. The layout
of this section, along with its important components, is illustrated in Figure 4 (without the
ion source chamber).
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In this injection line, the ECR ion source and axial low-energy beam transport line
are mainly composed of an einzel lens combined with an electrostatic quadrupole, a set of
deflectors, and diagnostic devices. The deflector was used in a set of parallel-plate doublets,
which allowed closed-orbit corrections in both the horizontal and vertical planes. One of
the deflectors is used to chop ON and OFF the injection of the ion beam into the storage
ring. The parallel plate deflector is located directly downstream from the einzel lens with
a radius of 150 mm and plates at a distance of 50 mm [12]. The electrostatic quadrupoles
doublets (QD) are used to defocus in one plane while focusing in others (QD was not used
in this benchmark test) [5].

The extracted ion beam in this benchmark test was mainly focused by the einzel lens.
Therefore, a technical drawing of these optics is shown in Figure 5. The inner diameter
of the cylinders was 40 mm for a gap of 10 mm between the electrodes, and the distance
between the last electrode and the exist flange is 3.3 mm. The optimal lengths of the
cylinders were considered as E1 = 290 mm, E2 = 80 mm, and E3 = 40 mm for the inner,
central, and outer electrodes, respectively. It should be mentioned here that the position of
electrode E1 was adjustable within a margin of 40 mm. The photograph of the einzel lens
movable electrode is also presented in Figure 6.
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The design of the ion beam injector was developed with suitable ion optics simula-
tion packages for tracking the ions along this part of the beam line. The Particle Beam
Optics Laboratory PBO LabTM [16,17] is based on transport matrix R tracking code that
makes use of the electrostatic palette TRACE 3-D, thereby allowing the tracking of ions in
electrostatic fields.
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In this simulation, the initial parameters of the beam were applied with an emittance
of 15 π mm mrad (the emittance was measured based on specification of the beam at the
entrance slit where it was fixed for an elliptically shaped beam), a kinetic energy of 40 keV,
and ion current of 34 µA. The extracted ions spread across the extraction electrode of the
ECR ion source during the acceleration. The ion beam is then focused by the einzel lens in
combination with parallel-plate deflector optics, which are also used to shape the beam.
Finally, the ion beam at this stage of commissioning was collected using a Faraday cup (FC),
which was located downstream from the ECR ion source to measure the ion beam current.
Figure 7 shows the beam envelope tracked through this part of the ion beam injector line
from the ion source to the first Faraday cup, including five drifts space (D1, D2, D3, D4,
and D5) and other optics (einzel lens, slit and PPD).

 

 

 
Figure 7. Overview of the ion beam envelope tracked along the first part of the ion beamline, as
produced by PBO-Lab software. The most divergent beam in the horizontal (Red) and vertical (Blue)
plane at beam energy of 40 KeV is x = 15 mm, y = 15 mm (for more details see [16,17]).

4. Commissioning Results and Discussion

The ECR ion source was developed for the ELASR ring facility in collaboration with
polygon physics. The 50 kV ECR ion source was mounted along the axis of the beam
injector line, as shown in Figure 8. Two vacuum pumps were used to provide vacuum
down to 4 × 10−7 mbar (the pressure in the ECR ion source after injecting the Ar gas is
in the range of 10−6 mbar). The extracted ion beam from the ECR ion source is focused,
shaped, and transported to the Faraday cup location using an einzel lens.
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The test was repeated for different nominal injection beam energies of 20 keV, 30 keV,
40 keV, and 50 keV for an Ar+ ion beam. Ar gas was injected into the ECR plasma chamber
and the UHF power was coupled to the central antenna to ignite the plasma. The typical
UHF signal power used for this purpose was approximately 3 W. After a few minutes, the
gas flow into the source became stable because of the low conductance of the gas cartridge,
so that the corresponding acceleration voltage (VBeam) could be applied to the ECR plasma
chamber and the beam could be extracted under steady conditions. Figure 9 shows the
photography of the power supplies for the ion source and einzel lens.
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Following this step, a voltage (typically 10% less than the applied acceleration voltage)
was then applied to the ECR focusing electrode to focus and shape the extracted beam. A
photograph of the beam captured from the glass viewport is shown in Figure 10.

The einzel lens voltage was then set to an optimal value (approximately 50% of the ap-
plied acceleration voltage). The extracted ion beam from the ECR ion source was then trans-
ported to the first Faraday cup with a 24 mm diameter entrance aperture located 1200 mm
from the ECR plasma extraction port. The current recorded by the Faraday cup (IFC) was
compared with the power supply current (IPS) to quantify beam transmission efficiency.

In this commissioning test, the objective was to generate an ion beam from the new
ECR ion source and characterize the focusing voltage required for the einzel lens to achieve
full beam transmission at the Faraday cup location. The voltage applied to the einzel
lens was varied for a fixed beam energy and focusing electrode voltage, and the resulting
current on the Faraday cup was measured. The test was conducted for a fixed power
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supply current (IPS) for each given beam energies (20, 30, 40, and 50 KeV). The beam current
was measured using the given beam energy (EBeam), and the ion current in the Faraday
cups (IFC) was measured as a function of the einzel lens voltage (VEinzel). A recording of
the FC current over 15 h is shown in Figure 11, indicating the stability of the source over
the operating time. Figure 12 shows the typical tests dealing with the characterization
of einzel lens voltages, examining their extraction and focusing efficiencies at the chosen
beam energy and focusing electrode settings. From the plots, one can observe the region
where the einzel lens voltage is optimal for different nominal beam energies. By comparing
these obtained results with the numerical simulation results, it can be also seen that most
of the transferred ion beam is collected into the first Faraday cup. In principle, a reasonable
agreement was found between these two results.
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Figure 12. The results of benchmark tests of the ECR ion source with the characterization of einzel
lens voltages, VEinzel, as a function of the beam current transmission.

Figure 12 shows how the Faraday cup current (IFC) increases with increasing of the
applied voltage on the einzel lens (VEinzel). This increase continues until the VEinzel values
are approximately half of the applied acceleration voltage. The result is that the recorded
IFC values are close to the actual value of the power supply current (IPS).

5. Conclusions

The use of a very compact ECR ion source shows that a high-voltage injection system
can be built without the complications of a high-voltage platform. This simplifies the access
and overall cost of such injectors. In addition, the obtained results show that over the first
meter of the beam line, more than 90% transmission of the beam extracted from the source
can be achieved with good temporal stability. The numerical simulation results using
PBO-Lab software (beam envelope plot at beam kinetic energy of 40 KeV) for tracking the
ion beam through the first part of the beam line injector are presented. The whole beam
line system is currently connected to the mass-analyzing magnet. The next step is to run
the ion beam injector line in combination with this magnet to analyze and separate the
molecular ions.
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