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Abstract: Intense ion beam production is of high importance for various versatile applications from
accelerator injectors to secondary ion mass spectrometry (SIMS). For these purposes, different types
of ion beams are needed and, accordingly, the optimum plasma to produce the desired ion beams. RF-
type plasma features a simple structure, high plasma density and low plasma temperature, which is
essential for negative ion beam production. A very compact RF-type ion source using a planar coil
antenna has been developed at IMP for negative molecular oxygen ion beam production. In terms of
high-intensity positive ion beam production, 2.45 GHz microwave power-excited plasma has been
widely used. At IMP, we developed a 2.45 GHz plasma source with both ridged waveguide and
coaxial antenna coupling schemes, tested successfully with intense beam production. Thanks to the
plasma built with an external planar coil antenna, high O−2 production efficiency has been achieved,
i.e., up to 43%. With 2.45 GHz microwave plasma, the ridged waveguide can support a higher power
coupling of high efficiency that leads to the production of intense hydrogen beams up to 90 emA,
whereas the coaxial antenna is less efficient in power coupling to plasma but can lead to attractive
ion source compactness, with a reasonable beam extraction of several emA.

Keywords: RF plasma; RF coupling; antenna; negative ion; intense ion beam

1. Introduction

The use of radio frequency (RF) to generate plasma dates back to the 1940s. RF plasma
and ion sources have found many important applications in plasma cleaning, ion beam
etching, ion beam doping, micro-machining and semiconductor fabrication. Today, RF-
driven ion sources are widely employed to produce a high-intensity ion beam by particle
accelerator community, such as DESY, SNS, JPARC, CERN, etc.

The RF plasma and ion source study at IMP is mainly on producing a high-brightness
negative ion beam, which can be used as the primary ion in secondary ion mass spectrom-
etry (SIMS) [1]. There is an increasing need for high-performance SIMS for applications
in China. In many SIMS laboratories, an O− or O−2 beam produced by a hollow-cathode
duoplasmatron is used [2]. Beams with impact energies from 1 to 17 keV and currents
up to ~3 µA are attainable. The typical minimum spot sizes lie in the ~1–3 µm range,
although 0.15 µm has been shown to be possible for a 16 keV O− beam within the nano-
SIMS-based instruments [3]. This type of oxygen ion source has been in use for several
decades, but it nevertheless has several disadvantages. Firstly, the spot size is primarily
limited by chromatic aberrations introduced as a result of the 5–15 eV energy spread of
the ions. This results in a lower beam brightness and lower spatial resolution, and the
typical brightness values for oxygen beams from a duoplasmatron source are of the order
of 100 A m−2 sr−1 V−1. Therefore, it will potentially limit certain isotopic analyses, requir-
ing positive secondary ions. Secondly, the extracted ion beam intensity depends on many
ion source parameters, such as gas flux, magnetic field confined plasma, and the position of
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the intermediate electrode and cathode. Ion beam current can vary significantly with time,
depending on the optimization of the duoplasmatron parameters. Moreover, the cathode is
subjected to corrosion caused by magnetically confined oxygen plasma, and the destructive
nature of such plasmas requires that these sources will be cleaned or replaced on a routine
basis. Thirdly, the lifetime, between 50 and 500 h, is also unpredictable. In order to produce
a high-brightness, high spatial resolution primary ion beam for SIMS, the RF-driven ion
source study was started at IMP in 2018.

For those accelerators and ion beam application devices that require high-current
mono-charge state ion beams, the 2.45 GHz microwave ion source has a wide range of
applications, due to its advantages of a long lifespan, a high beam current and good
beam quality. The 2.45 GHz microwave ion source was firstly studied and constructed
by Sakudo et.al. [4,5] in the 1970s for ion beam implantation, which could extract nearly
15 mA P+ ions by using a slit extraction electrode system. Driven by the development of a
linear accelerator and the increasing need for beam current, the 2.45 GHz microwave ion
source was thoroughly studied and rapidly developed for various applications since the
1990s [6–10].

The study of the 2.45 GHz microwave ion source at IMP began in the 1990s, and the
team had developed a series of microwave ion sources for different purposes, which include
the high-current ion sources for high-intensity accelerators and the mini-type ion sources
for special experimental platforms. The primary difference between those two types of
ion sources is the approach of coupling the microwave power to the ion source’s plasma.
In order to produce an intense ion beam, a three-section ridged waveguide coupler is
applied to the ion sources using high 2.45 GHz microwave power heating, while the coaxial
antenna microwave coupling structure is used for those ion sources that are of a very
compact size.

2. RF Plasma and Ion Source
2.1. RF Plasma Generation

The most important advantage of RF-produced plasma is that it can operate with
any kind of gas, especially corrosive oxygen gas, which seriously reduces the lifetime of
the duoplasmatron when it is used to produce a negative oxygen ion beam. Typically,
the discharge chamber is at a pressure of 10−3−10−2 mbar, and a few hundred watts of
RF power is needed to excite and maintain a stable plasma. For DC input power (less
than several kW), 13.56 MHz is widely used and commercially available. For a high-
intensity ion source, such as a spallation neutron source (SNS) negative hydrogen ion
source, the RF frequency is generally 2 MHz and the input power can reach up to 100 kW
(pulsed mode) [11].

RF discharge plasma can be excited in two ways: (1) capacitively coupled discharge,
and (2) inductively coupled discharge. Capacitively coupled plasma (CCP) is excited by
a discharge between two electrodes applied with RF power, which generates alternating
potential across the electrodes. The CCP method is used to clean contaminated super-
conducting radio frequency (SRF) cavities [12] and ion source plasma chambers at IMP,
and this research work is ongoing. Most RF plasma and ion sources are based on the
inductively coupled method, which is also known as inductively coupled plasma (ICP).
ICP is generated by an induction coil. Electrons in the gas are heated by an azimuthal
electric field generated by the alternating magnetic field around the induction coil, and then
acquire enough energy to form plasma.

In order to excite and maintain a dense stable inductively coupled plasma, an RF
antenna is needed. Generally, the RF antenna can be placed either inside or outside the
discharge chamber, which is usually named the internal or external RF antenna in the ion
source community. For a high-intensity high duty cycle negative hydrogen ion source, a
multicusp magnet with an internal RF coil is widely used [13,14], and a copper-tube RF coil
must be coated with porcelain material. When the ion source works with a high duty factor
or in continuous wave (CW) operation mode, the lifetime of RF antenna will be affected,
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and high voltage breakdown may occur with high-input RF power. The application of an
external antenna is more extensively used for plasma and ion source studies. Typical an-
tenna coils, which are mostly cylindrical or planar, are shown in Figure 1. Kalvas et al. [15]
developed a planar RF coil-driven ion source, and a milliampere H− ion beam was ex-
tracted. The ion source design is a multicusp chamber with an external planar spiral RF
antenna, behind a flat AlN RF window on the back of the ion source. The maintenance
interval reached one month, which was much longer than the filament-driven arc discharge
ion source. Jiang et al. [16] developed a mini RF-driven ion source with 1.2 cm and 1.5 cm
inner chamber diameters at Lawrence Berkeley National Laboratory. Different helical cou-
pler antennas were tested, and high-brightness positive Ar+, Kr+, H+ ions were extracted.
The mini RF-driven ion sources are capable of producing nano-focused ion beams for
focused ion beam (FIB) systems.
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2.2. Fundamental Processes of Negative Oxygen Ion Formation

For electron collision-produced ions, the fundamental processes and effective cross-
section are very important for discharge mode and ion source design [17]. Vibrationally
excited oxygen molecules are formed by:

O2 + e→ O2(ν = 0→ 1, 2, 3, 4) + e (1)

This process has a peak effective cross-section of about 10−17 cm2 when the electron
energy is 10 eV. In 1993, Shyn and Sweeney [18] reported their measurement of the in-
dividual vibrational cross-sections for ν = 0→ 1,2,3,4. They obtained the corresponding
differential cross-section at the scattering angles of 12–168◦ for the electron energies of
5–15 eV. Vibrationally excited oxygen molecules usually play an important role in negative
ion formation.

Negative oxygen ions may be formed by the dissociative attachment of low-energy
electrons to oxygen molecules [19], i.e.,:

O2 + e→ O + O− (2)

This process has a mean effective cross-section of about 3 × 10−19 cm2 when the
electron energy lies between 4 and 10 eV. For collision energy above 17 eV, O− can be
produced through the process of ion-pair formation:

O2 + e→ O+ + O− + e (3)
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Rapp and Briglia [20] measured O− over the energy range of 4–55 eV. They found the
yield of O− increases above 17 eV, and it is suggested that the increase is due to the process
(3). According to the measurements, the cross-section for Reaction (3) is almost constant
above 25 eV and has a value of 3.5 × 10−19 cm2, which is the same order of magnitude as
that for process (2).

The process of O−2 formation has been experimentally studied using an electron beam,
or swarm technique. From these experimental studies, together with theoretical ones,
the attachment process for thermal electrons is understood to proceed in the following way:

O2 + e + O2 → O−2 + O2 (4)

First, the electron of ~80 meV is resonantly captured by O2, and unstable O−2 is
formed. In oxygen gas, the de-excitation of unstable O−2 can occur by collision with a
third O2 molecule. This process results in a stable negative ion of the oxygen molecule.
The three-body rate constant for the above process has been measured by many people,
and the typical value is (2.26 ± 0.10) × 10−30 cm6/s at 298 K.

O−2 ions may also be formed in charge transfer collisions with atomic negative
ions [21], i.e.,:

O− + O2 → O + O−2 − 3.0 kJ/mol (5)

Reaction (5) is endothermic, with an atomic negative ion energy threshold of several
eV. Charge transfer will depend on the energy of the ions involved in the process, and on
the particular discharge conditions.

2.3. RF Ion Source Design with an External Antenna

Initially, we tried a filament-driven ion source to extract negative oxygen ion beams,
with oxygen and carbon dioxide gases injected [22]. However, after the preliminary
operation, we found that the corrosive nature of such plasmas would cause hot-cathode
failure. When oxygen gas was injected, the filament could only work for a period from
several minutes to several hours before fracture occurred. After the failure of the filament
scheme, the RF-powered scheme was studied with the ion source structure and extraction
electrodes unchanged, while the backplate was replaced by an aluminum nitride (AlN)
window (3 mm thickness) for RF power injection. The goal of the RF negative oxygen ion
source was to develop a new type of ion source to produce at least 10 µA of CW O− beam
at the SIMS primary ion energy of 10 keV, with a better lifetime and beam stability than
those of the duoplasmatron ion source.

The use of RF ion sources for SIMS applications dates back to the 1960s, at the begin-
ning of SIMS. During those years, different designs were tested. However, one of the major
drawbacks of RF-produced plasma was the large energy dispersion (above tens of eV),
which caused chromatic aberration and therefore limited the formation of a high-brightness
high spatial resolution ion beam for micro-nano-scale applications [23,24]. Ero [25] and
Levitskii [26] independently argued that the observed large energy spread anomalies are
due to the modification and variation of the plasma potential by energetic electrons that
have come under the influence of strong RF electric fields existing in the region between
the plasma and the electrode, or between the plasma and the walls. The simulation results
of the RF electric field along the central axis with different antenna structures (given in
Figure 1) are shown in Figure 2. It can be seen that the RF electric field at plasma electrode
(PE) position is near to zero with the planar antenna, while the cylindrical one is around
40% of the field at the RF coil center. Based on the above reasons, the planar antenna is
chosen for RF power injection.
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The RF ion source design with an external planar antenna is shown in Figure 3.
A three-and-a-half-turns planar copper coil antenna is used to couple the 13.56 MHz RF
power into the plasma chamber. The antenna is made of 3 mm diameter copper tubing for
water cooling. RF window is aluminum nitride ceramic, which is placed together with the
antenna for cooling. The discharge chamber of the RF ion source is made of aluminum,
with an inner diameter of 70 mm and 80 mm in length. Multi-cusp magnets are fixed
around the discharge chamber to confine the plasma. For different processes of negative
oxygen ion formation, the incident electron energies are almost of the same range, so a
virtual filter magnetic design is not needed here. Before the plasma electrode (PE), a pair
of permanent magnets with a central magnetic field of 160 G were placed to separate
co-extracted electrons from negative ions. A three-electrode system is adopted to extract
negative ions because this will significantly reduce extraction power. In our case, the ratio
of electrons and negative ions may reach 100. For this reason, the electrons must be dumped
before the extraction electrode (EE), as shown in Figure 3. After the ground electrode (GE),
negative ions will be accelerated to 10–20 keV range which is the requirement for the SIMS
primary beam. The apertures of PE, EE, and GE are 2 mm, 3.5 mm, and 5 mm, respectively.
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Typical primary ion energy used on SIMS instruments is 5–20 keV, and the negative
oxygen ion test setup is designed to operate the source high-voltage terminal at a potential
of up to −20 kV. A biased power supply connects the PE with the discharge chamber to
optimize negative ion extraction. A 6 kV × 20 mA extraction power supply is used to
extract negatively charged particles between PE and EE. A 20 kV × 600 µA high-voltage
power supply accelerates ions between the discharge chamber and GE to the required
energy level.

2.4. RF Plasma Study and Ion Beam Extraction

Figure 4 shows the total extracted negative oxygen beam intensity with increasing
RF power. During the experiment, some parameters remained unchanged: bias voltage
26 V, ion energy 10 keV, and beam line vacuum 7.3 × 10−5 mbar. The extraction voltage
was optimized to 1.68 kV. The negative ion beam intensity was measured using a Faraday
cup (FC), which is placed 800 mm after GE, and the ions drift freely without focusing
components. When RF power is 310 W, the maximum beam intensity reaches 43.3 µA,
and electron beam intensity, which can be estimated from extraction power supply load, is
close to 19.5 mA. It can be seen that electron beam intensity is two orders of magnitude
higher than negative ion beam intensity. This is the main reason why a three-electrode
extraction system is needed. The maximum RF power is 310 W during this experiment
because the total extracted beam intensity (including electrons and negative ions) reaches
the maximum load of the extraction power supply.
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Figure 4. Negative ion beam intensity measured by Faraday cup vs. RF power.

In RF oxygen plasma, O−2 and O− are the most abundant negative ions. We analyzed
the beam spectrum with a Wien filter placed just before the FC, and the results are shown
in Figure 5. Some unchanged parameters in this experiment are ion energy at 10 keV to
meet the requirement of SIMS, PE bias voltage 26 V, extraction voltage 1.68 kV and the
beam line vacuum, 7.0 × 10−5 mbar. With the increase of RF power, the proportion of O−2
in the total extracted beam decreases from 44% to 35%. This result can be explained by
the fundamental processes of negative oxygen ion formation. When RF power increases,
electrons in the plasma are heated by the RF field to higher energy, and the probability of
Reaction (3) will increase, which results in a greater yield of O− ions. At the same time,
Reactions (4) and (5) will be suppressed.
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2.5. Summary and Future Plan

A new 13.56 MHz RF-driven planar antenna ion source was tested at IMP. A more
than 40 µA negative oxygen ion beam was detected at the beam line terminal when the
PE aperture was 2 mm, RF power was about 300 W and the ion energy was 10 keV. In RF-
produced plasma, the proportion of O−2 reached 44%; this is an encouraging result for SIMS
applications. In the near future, further studies will be carried out, including micro-nano
ion beam optics and energy spread measurement. In order to get a high-brightness high
spatial resolution ion beam, the energy spread must be as small as possible. A planar
antenna may solve the problem mentioned above, but more studies are needed. An energy
spread analyzer has been developed at IMP for this purpose, and the measurement results
will be published soon.

3. Microwave Plasma and Sources

In 1991 Taylor et al. [27] proposed a design for an intense-beam 2.45 GHz microwave
ion source for a CW radio frequency quadrupole (RFQ) injector. The proton fraction of the
source was up to 90%, and the beam current density was up to 350 mA/cm2, which has
been the basis for most of the existing high-intensity 2.45 GHz microwave sources, due to
their simplicity and reliability [9,28,29]. The main features include using an impedance
matching section to reduce the microwave power reflection between the waveguide and
plasma chamber, which could enhance the microwave power coupling efficiency, and using
solenoids to generate the desired magnetic field distribution.

3.1. The 2.45 GHz Microwave Ion Source for Intense Beam Applications

For the production of an intense ion beam, the multi-section double-ridged waveguide
is generally used as the microwave coupler due to its advantages of high microwave power
capacity and smooth impedance transformation between the waveguide and plasma
chamber; in our design, a three-section ridged waveguide was used and a 2 mm-thickness
aluminum nitride ceramics window was located between the plasma chamber and ridged
waveguide to seal the vacuum; the diameter and length of the aluminum plasma chamber is
50 mm and 70 mm, respectively. The required magnetic field is generated by several NdFeB
permanent magnet rings with radial or axial magnetization directions, respectively. A pure
iron yoke is used as the outer shell of the source body to enhance the axial magnetic field and
screen the magnetic field in the extraction area, which could avoid the Penning discharge
between the plasma electrode and suppressor electrode. A triode extraction system is used
to extract the ion beam, and reduce the extraction beam emittance. The typical aperture of
the plasma electrode is Ø6.5 mm. The configuration of the ion source is shown in Figure 6.
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The electromagnetic simulation of the designed double-ridged waveguide coupler is 
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to be 50 Ω. The design of the coupler followed the principles of 1/4 wavelength impedance 
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Figure 6. Configuration of the designed intense ion beam source.

The electromagnetic simulation of the designed double-ridged waveguide coupler is
shown in Figure 7. In the simulation, the impedance of the plasma chamber was assumed
to be 50 Ω. The design of the coupler followed the principles of 1/4 wavelength impedance
matching theory, and the length of each ridged waveguide section is equal to 1/4 guided
wavelength of 2.45 GHz microwave to match the impedance of adjacent loads. The ridged
waveguide coupler and microwave transition waveguide are connected by a WR-340 to
WR-284 transitional waveguide.
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Figure 7. Simulated electric field distribution with 1 W input power through a TE10 mode port.

The magnetic field distribution is crucial for the generation of stable and high-density
plasma in microwave ion sources. In order to form over-dense plasma in a uniform
magnetic field, according to Sakudo’s study, the plasma density could be improved with the
condition of BECR < B < 1.3 BECR (BECR = 875 G for 2.45 GHz microwave) [30], which would
permit the propagation of right-hand polarized waves in those off-resonance regions.
The calculated magnetic field distribution of our intense ion beam source is shown in
Figure 8. The maximum magnetic field strength along the axial direction (Bz) is 950 G, and
the ECR zone is near the microwave window; besides, as mentioned before, the stray field
in the extraction electrodes region was screened to avoid the Penning discharge.
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Figure 8. Calculated Bz along the axial direction and histogram in the midplane of the plasma chamber.

The maximum extraction beam current under differing input microwave power is
shown in Figure 9, when hydrogen was used as the working gas, the extraction voltage is
50 kV and the aperture of the plasma electrode is Ø6.5 mm. The maximum total extraction
beam current is about 95 mA, and the corresponding microwave power is 900 W.
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The high-intensity 2.45 GHz microwave ion source developed at IMP has been used
for several high-power accelerators. A 2.45 GHz microwave ion source with a total ex-
traction beam current over 80 mA was developed for the compact pulsed hadron source
(CPHS) at Tsinghua University [31], which required a pulsed proton beam of 60 mA, and
the developed ion source had previously shown high reliability and stability during its
almost 10 years of operation since 2012. Another application of a high-intensity 2.45 GHz
microwave ion source at IMP is the China initiative accelerator-driven system (CiADS)
project, which requires a CW proton beam of 10 mA [32], where high availability, reliability
and stability are the key issues. As of 2018, the ion source system had enabled >4000 h of
beam commissioning time for the ADS linac.

3.2. The Coaxial Antenna Type Microwave Ion Source

Generally, the intense beam microwave ion sources use the WR-320 or WR-284 waveg-
uide components as the microwave transition system, which usually includes the circulator,
three-stab tuner, impedance matching section, and others. Consequently, the microwave
system of the ion source is sophisticated and bulky. For the ion beam application devices
with strict restrictions on system compactness, while requiring a relatively weak beam cur-
rent, a 2.45 GHz microwave ion source based on the coaxial antenna coupling structure has
obvious advantages, due to its extremely compact structure. In 1984, Ishikawa et al. [33]
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developed a compact coaxial antenna-type microwave ion source that could extract a
several milli-amperes Ar+ ion beam through a 2 mm aperture plasma electrode, and this
kind of microwave ion source was also studied and developed at IMP.

To eliminate the microwave power reflection, the coaxial antenna structure should match
the impedance between the plasma chamber and coaxial transition cable. The impedance Z
of the coaxial antenna for the TEM mode is determined by the diameter ratio of the inner
conductor and outer conductor as the following equation:

Z =
60√

εr
ln

ro

ri
(6)

where εr is the relative permittivity, ro is the radius of the outer conductor, and ri is the
radius of the inner conductor. In our design, both the impedance of the plasma chamber
and the coaxial cable were assumed to be 50 Ω.

The microwave electric field distribution and deposited RF power in the designed
coaxial antenna-type ion source were calculated via an RF-plasma coupled simulation with
COMSOL multiphysics code [34]. The working gas is hydrogen in the simulation, and the
main reaction processes taken into account are listed in Table 1 [35].

Table 1. Main reactions considered in the simulation.

Reaction Type Reaction

Elastic collision e + H2→e + H2
e + H→e + H

Dissociative excitation

e + H2→e+ H + H
e + H+

2 →e+ H + H+

e + H+
3 →e + 2H + H+

e + H+ →e + H+ H+
2

Dissociative combination
e+ H+

2 →H + H
e+ H+

3 →H + H+H

Excitation e + H→e + H*

H+
3 generation H2 + H+

2 → H+
3 + H

Ionization
e + H→2e + H+

e + H*→2e+ H+

e + H2→2e+ H+
2

Reaction with wall

H + wall→1/2H2
H+

2 + wall→1/2H2
H + wall→1/2H2

H+
3 + wall→H + H2

H* is excited hydrogen atom.

The simulated microwave power deposition and normal electric field strength along
the axial direction are shown in Figure 10, with an input microwave power of 100 W and
1 Pa hydrogen gas pressure in the simulation; the radius of the simulation model is 25 mm.
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Figure 10. Simulated normal RF electric field strength along the axial direction, and RF power
deposition (W/m3).

The simulation results show that the normal electric field strength is attenuated
exponentially along the axial direction, and most of the microwave power is absorbed
around the antenna and the ECR surface (B = 875 G) near the antenna tip.

According to the simulation results, a coaxial antenna microwave ion source was
developed. A coaxial antenna is used as the microwave coupler and two NdFeB permanent
magnet rings are used to generate the magnetic field. The diameter and length of the
discharge chamber are both 50 mm. Figure 11 shows the configuration of the designed
ion source.
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under the same operating conditions; the main reason for this is the inefficiency of the 
coaxial antenna structure for microwave-plasma coupling, and consequently, the an-
tenna-type microwave ion source at IMP was developed for the application with the re-
quirements of compactness and low beam intensity. 
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type plasma technologies to produce intense ion beams. O− and O  production is of high 
importance for SIMS application, whereas the existing technologies, including the duo-
plasmatron source and the filament-driven arc discharge ion source, are not a promising 
solution with regard to ion beam intensity, lifespan and brightness. We have developed a 
negative oxygen ion beam source using an external planar coil antenna RF coupling 
plasma technology, which is implemented to the existing filament-driven arc discharge 
ion source. The test results indicate that this type of plasma can provide a very suitable 
condition for a high yield of O− and O , and especially of O  where the ratio is high, up 
to 43% in the extracted beam. 

2.45 GHz microwave heating is another widely utilized method to build dense 
plasma for intense beam production. We demonstrated that both ridged waveguide and 
coaxial antenna coupling schemes are feasible for building the plasma. In terms of high 
beam intensity needs—for instance, the injector ion sources for linac required a 30~100 

Figure 11. Picture of coaxial antenna microwave ion source setup.

The maximum total extraction beam current is 5.0 mA when the working gas is
hydrogen, the corresponding plasma electrode aperture and extraction voltage is 5 mm
and 35 kV respectively, and the input microwave power is 150 W. The extraction beam
currents under different hydrogen gas consumption rates are shown in Figure 12.
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The maximum extraction beam current of the antenna-type microwave ion source is
much lower when compared with the ion sources that used a ridged waveguide coupler
under the same operating conditions; the main reason for this is the inefficiency of the
coaxial antenna structure for microwave-plasma coupling, and consequently, the antenna-
type microwave ion source at IMP was developed for the application with the requirements
of compactness and low beam intensity.

4. Summary

Based on the plasma characteristics, we have developed both RF- and microwave-
type plasma technologies to produce intense ion beams. O− and O−2 production is of
high importance for SIMS application, whereas the existing technologies, including the
duoplasmatron source and the filament-driven arc discharge ion source, are not a promising
solution with regard to ion beam intensity, lifespan and brightness. We have developed a
negative oxygen ion beam source using an external planar coil antenna RF coupling plasma
technology, which is implemented to the existing filament-driven arc discharge ion source.
The test results indicate that this type of plasma can provide a very suitable condition for a
high yield of O− and O−2 , and especially of O−2 where the ratio is high, up to 43% in the
extracted beam.

2.45 GHz microwave heating is another widely utilized method to build dense plasma
for intense beam production. We demonstrated that both ridged waveguide and coaxial
antenna coupling schemes are feasible for building the plasma. In terms of high beam
intensity needs—for instance, the injector ion sources for linac required a 30~100 emA pro-
ton beam—the first solution with the ridged waveguide is mandatory, as it will need high
power feeding and high-efficiency coupling. The antenna solution will provide promising
compactness for versatile applications that might need a small footprint and a low cost.
The prototype ion source of the coaxial antenna features a size of Ø100 mm × 100 mm,
with typically a 5 mA hydrogen beam extraction.
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