
Citation: Yu, H.-F.; He, Z.-F.;

Zhao, M.-H.; Wan, W.-S.; Liu, H.-L.;

Wu, Y.; Lv, W.-Z.; Zhou, D.-Y.;

Lu, H.-T. Design of a Miniaturized

Electron Cyclotron Resonance Ion

Source for High-Voltage Proton

Accelerator. Appl. Sci. 2023, 13, 8831.

https://doi.org/10.3390/

app13158831

Academic Editors: Sergey Kutsaev,

Luigi Faillace and Carol Johnstone

Received: 16 June 2023

Revised: 24 July 2023

Accepted: 28 July 2023

Published: 31 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Design of a Miniaturized Electron Cyclotron Resonance Ion
Source for High-Voltage Proton Accelerator
Hua-Fei Yu 1,2 , Zi-Feng He 2,* , Ming-Hua Zhao 2, Wei-Shi Wan 2,3, Huan-Ling Liu 2, Yue Wu 2,3,
Wen-Zhuang Lv 2, Da-Yong Zhou 2 and Huan-Ting Lu 2

1 School of Communication and Information Engineering, Shanghai University, Shanghai 200444, China;
yuhuafei@sinap.ac.cn

2 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China
3 School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China
* Correspondence: hezifeng@sinap.ac.cn

Featured Application: We provide a microwave system design that is much smaller than the con-
ventional design, and provide a method for judging whether the size of the discharge chamber
is better under the condition of a limited permanent magnetic ring. This is of reference value for
workers with similar design requirements.

Abstract: The Electron Cyclotron Resonance (ECR) ion source fulfills high-current, high-efficiency,
and compactness requirements for high-voltage proton accelerators. It is a cathode-free source that
uses microwaves to heat a magnetically confined plasma, so there is no cathode loss resulting in a
short service life. We finished the design for a miniaturization ECR ion source system, including a mi-
crowave system and source body. The traditional microwave system’s scale, which is approximately
1 m, has been reduced to 0.234 m, and the transmission efficiency is greater than 90%. The influence
of cavity size and magnetic field distribution on gas ionization is analyzed under the condition that
the outer size of the permanent magnet ring is limited, and the optimal scheme of cavity size and
saddle-shaped magnetic field distribution is obtained. This design meets the requirement of fitting
the ion source system into the restricted space in the high-voltage accelerator’s head.

Keywords: ECR ion source; miniaturized microwave system; high-voltage accelerator; magnetic
field; plasma

1. Introduction

Because of their high beam quality, stability, dependability, high beam power and
low cost, high-voltage accelerators are widely used in electron irradiation, nuclear physics
investigations, and analysis. High-voltage proton accelerators have become popular in
recent years for proton irradiation, boron neutron capture treatment (BNCT), and as injec-
tors for proton medical accelerators. Budker Institute of Nuclear Physics in Russia, IBA in
the United States, Neutron Therapeutics in Finland, and Nagoya University in Japan are
all working on high-power, high-voltage proton accelerators capable of producing proton
beams of several MeV and tens of milliamperes [1,2]. These institutions have achieved
different results in the development of high-voltage accelerators. Among them, the high-
current, high-voltage proton accelerator constructed by Nagoya University can extract a
2.8 MeV/15 mA DC proton beam, which has been utilized in the development of the BNCT
neutron source [3,4]. The 2.6 MeV/30 mA commercial proton high-voltage accelerator
developed by Neutron Therapeutics has been used in the BNCT project at the University of
Helsinki and completed its first clinical trial. The University of Birmingham also purchased
the company’s high-voltage proton accelerator to develop high-flux neutron sources for
producing nuclear energy materials [5]. Shanghai Institute of Applied Physics (SINAP) is
currently developing such a kind of proton accelerator for BNCT. Figure 1a shows the main
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structure of the accelerator, which is designed to hit the target and generate the neutron
beam. The design parameters of the high-voltage proton accelerator are shown in Table 1:
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Table 1. Design index of the high-voltage accelerator.

Index Parameter Design Indexes

Maximum energy 2.5 MeV
Maximum current intensity 15 mA
Minimum current intensity 10 mA

Energy stability ≤0.5%
Beam scanning range 100 mm × 100 mm

The ion source is typically set to the high potential of the high-voltage accelerator,
necessitating a small size, high microwave transmission efficiency, and good heat dissipa-
tion. The proton accelerator developed by SINAP has two requirements for the ion source:
1. The ion source needs to be positioned in a high-voltage spherical shell at the high-voltage
end, as shown in Figure 1b. 2. The extracted beam must meet the injection intensity
requirements of the accelerator and ensure that most ions can enter the accelerating tube
and be consistently accelerated. The design parameters of the ion source are thus displayed
in Table 2.
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Table 2. Design parameters of the ion source system.

Index Parameter Design Indexes

Beam intensity ≥20 mA
Extraction voltage 40 kV

Proton ratio ≥85%
Normalized emittance ≤0.25 π mm. mrad
External contour size 600 mm(length) × 300 mm(width) × 300 mm(high)

Maximum magnetic field 1100 G
Vacuum level 10−5 Pa–10−3 Pa

Microwave frequency 2.45 GHz
Microwave power 300 W–500 W

Currently, various institutions employ ion sources such as the Penning source, the
radiofrequency (RF) source, and the ECR ion source for proton accelerators, as illustrated
in Table 3. The ECR ion source is a cathode-free source. Compared to other ion sources, it
is stable and reliable, has high repeatability, can generate multiple types of highly charged
ions and extract ion beams with low energy divergence and low emittance, and theoretically
has no lifetime limit. Nonetheless, the typical ECR ion source is usually equipped with
a longish microwave transmission system, preventing it from being well placed in the
high-voltage spherical shell of the high-voltage accelerator, as shown in Figure 1b.

Table 3. Comparison of proton sources currently operating on accelerator facilities.

Organization Ion Source Type Ion Species Extraction
Voltage (kV) Beam (mA)

Institute of Plasma
Physics, CAS [6] Penning ion source H+ 40 0.1

Lawrence Berkeley
National Laboratory [7]

High frequency
source H+ 15.5 16

Peking University [8] ECR source H+ 50 100
CEA/Saclay [9] ECR source H+ 85 >100

The miniaturization of ECR ion sources can be classified into three categories: 1. Minia-
turization of the microwave system. 2. Miniaturization of the source body. 3. Miniatur-
ization of the extraction system. The miniaturization of the microwave system primarily
involves the use of coaxial lines instead of waveguides for microwave energy input. The
miniaturization of the source body is achieved through the adoption of smaller discharge
chambers and permanent magnets. Meanwhile, the miniaturization of the extraction system
focuses on reducing the length of the extraction electrode while ensuring its performance.
The miniaturization approaches employed by different institutions for ECR ion sources are
summarized in Table 4. It can be observed that currently none of these ion sources fully
meet the requirements of high-current high-voltage accelerators in terms of source size
and performance.

Therefore, based on the aforementioned miniaturization schemes for ECR ion sources,
we propose an ECR ion source miniaturization approach that can meet the requirements
of high-voltage accelerators. This approach combines the miniaturization of both the
waveguide transmission system and the source body to achieve the desired outcomes.
First, the transmission length of the microwave system was compressed by removing the
three-pin tuner and circulator and miniaturizing other waveguide devices. With these
enhancements, the total length of the microwave system is less than 300 mm. Second,
because the ECR ion source is installed in the accelerator’s high-voltage terminal spherical
shell, the external dimensions of the ion source magnetic components are limited. More
plasma can be generated while ensuring efficient microwave transmission by optimizing
the magnetic field distribution and the size of the discharge chamber.
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Table 4. Comparison of ECR ion source parameters in accelerator facilities.

Organization
Microwave

Transmission
Mode

Overall Size of the
Ion Source

System (mm)
Miniaturized
Component

Power
(W)

Magnetic Field
Generation Mode

Extraction
Voltage (kV) Beam (mA)

Peking
University [10,11]

waveguide +
coaxial line

>600 (without
coaxial line length)

microwave system +
discharge chamber 180 permanent

magnet ring 40 21.7

antenna +
coaxial line

<200 (without
coaxial line length)

microwave system +
discharge chamber 200 permanent

magnet ring 35 4.5

Institute for
Theoretical and
Experimental

Physics(ITEP) [12]

coaxial line <200 (without
coaxial line length)

microwave system +
discharge chamber 100 permanent

magnet ring 15 0.5

CEA/Saclay [13] waveguide >1000 mm extraction system -- focus coil 50 48.5

Our work waveguide <350 mm microwave system +
discharge chamber >300 permanent

magnet ring 40 >20

Figure 2 shows a physical structure model for calculating the transmission of a minia-
turized microwave transmission system and a physical structure model of the source body
for calculating the discharge inside the discharge chamber. Figure 2a shows the model of
the miniaturized microwave transmission system, which mainly consists of a magnetron,
an excitation chamber, a high-voltage isolated waveguide, a matched waveguide, and a
source body, as shown in Figure 2b. Figure 2b shows the structural diagram of the source
body used to calculate the discharge case, which includes a microwave window composed
of alumina ceramics and boron nitride, a discharge chamber, a mounting barrel, and perma-
nent magnet rings. These simulations were performed using the COMSOL Multiphysics
software, which allowed for a comprehensive analysis of microwave, magnetic, electric,
and plasma processes.
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Figure 2. Structural components of the physical computational model: (a) structural model for
calculating the transmission of the miniature microwave system; (b) structural model of the source
body for calculating the discharge inside the discharge cavity.

2. Miniaturization of the Microwave System
2.1. Conventional Microwave System

Figure 3 shows the three-dimensional structure of the ECR ion source experimental
platform equipped with a conventional microwave transmission system, the physical object,
and the measurement results of the microwave transmission of this ion source. Among
them, Figure 3a shows the three-dimensional structure of the experimental platform. The
experimental platform includes a magnetron, an excitation cavity, a circulator, a three-pin
tuner, a directional coupler, a high-voltage isolated waveguide, a matched waveguide, a
source body, and a three-pass chamber. The platform can be used to measure the trans-
mission of microwave systems and to perform preliminary experiments on gas ionization.
Figure 3b shows a physical diagram of the experimental platform and microwave transmis-
sion measurements. By replacing the magnetron and excitation cavity with a waveguide
coaxial converter and connecting it to a vector network analyzer, the microwave transmis-
sion of the platform can be measured. The match between the microwave system and the
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discharge chamber is changed by adjusting the three-pin tuner to minimize microwave
reflections throughout the system. At this moment, the reflection situation is represented
by the S11 parameter and the standing wave ratio, which are, respectively, −20.213 dB
and 1.2159.
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Figure 3. Structural model of the ECR ion source experimental platform equipped with a conventional
microwave transmission system and microwave transmission measurement results of the ion source:
(a) is a three-dimensional structural model of the ECR ion source experimental platform equipped
with a conventional microwave transmission system; (b) is a physical drawing of the experimental
platform and microwave transmission measurement results of the ion source.

2.2. Microwave Transmission System Miniaturization Design

To realize the miniaturization of the microwave system, the method we adopted was to
directly match the microwave power source to the discharge chamber in the design, remove
the circulator, and integrate the three-pin tuner function into the matching waveguide. The
directional coupler is utilized chiefly for measuring microwave power, but it is canceled in
the existing system. The system leaves just the magnetron, excitation cavity, high-voltage
isolation waveguide, matching waveguide, and the source body. This method allows
for the efficient transmission of high-power microwaves and decreases the total size of
the microwave transmission system by a substantial amount. When combined with a
compact discharge chamber, this allows for the ion source system to be located within the
accelerator’s high voltage terminal spherical shell.

The microwave transmission system from power source to load includes: magnetron,
excitation cavity, high voltage isolation waveguide, transition waveguide and source body.
The source body is composed of a microwave window and a discharge chamber. The
microwave window is composed of three pieces of 10 mm aluminum oxide and one piece
of 2 mm boron nitride. The discharge chamber is made of stainless steel, and the inner
cavity size is Φ30 mm × L40 mm.

However, the discharge cells with the dimensions mentioned above have the following
issues: In conventional electromagnetic wave theory, a cavity discharge chamber with a
diameter of 30 mm is significantly smaller than the maximum discharge chamber diameter
D = 2λ/3.412 ≈ 72 mm corresponding to the 2.45 GHz TE11 wave in the classical electro-
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magnetic wave theory [11]. The discharge chamber is so compact that electromagnetic
waves cannot fit inside. The relative permittivity of the plasma εp can be expressed as [14]:

εp = 1−
(ωpe/ω)2

1−ωce/ω
, (1)

where ω represents the microwave frequencies, ωce is the electron cyclotron frequency, ωpe

is the plasma oscillation frequency given by ωpe =
√

nee2/meε0, and ε0 is the dielectric
constant in vacuum. The electron cyclotron frequency is denoted by ωce = eB/me, where e
is the elementary charge, B is the axial magnetic induction, and me is the electron mass. Ad-
ditionally, the microwave frequency is represented by ω = eB0/me, with B0 corresponding
to a magnetic flux density of 875 G for a microwave frequency of 2.45 GHz. By substituting
these values into Equation (1), we obtain:

εp = 1 +
neme

ε0B0(B− B0)
, (2)

where ne represents the electron density. According to the above equation, when B > B0, the
dielectric constant will be larger than the vacuum dielectric constant, and the minimum
diameter Dp that can transmit a 2.45 GHz microwave can be changed to Dp = λ/3.412√εp.
When the plasma dielectric constant is large enough, the 2.45 GHz electromagnetic wave
can enter the small size discharge chamber.

To verify the miniaturization scheme, the numerical simulation of the microwave
system was carried out. We used a 50 Ω coaxial line instead of the magnetron antenna
for microwave feed in the simulation. We used the water load instead of plasma to match
the microwave transmission section impedance for the calculation [15]. For plasmas, the
water load corresponds to plasma at a steady state. Water has a dielectric constant of 78.5,
comparable to plasma at 890 G with a density of 1 × 1017 m−3.

Eventually, since the complete microwave transmission system lacks a circulator and
three-pin tuner, the matching waveguide’s design is crucial to the system’s performance.
Right now, transitional waveguide and ridge waveguide are used for microwave system
matching. The waveguide system is connected to the source body through a matching
waveguide. Electromagnetic simulations are conducted on the entire microwave trans-
mission segment, which extends from the microwave source to the discharge chamber.
The effectiveness of the system matching is evaluated based on the results obtained from
the electromagnetic simulations. There are three matching strategies in the simulation:
1. Standard length excitation cavity, high voltage isolation waveguide, and transition
waveguide. 2. Standard length excitation cavity, high voltage isolation waveguide, and
miniaturized ridge waveguide. 3. Shortened length excitation cavity, high voltage isolation
waveguide, and miniaturized ridge waveguide. The results of these three schemes shown in
Figures 4 and 5, and the electric field, S11 parameters, and power transfer efficiency at the
entry to the discharge chamber are used to assess the performance of the microwave system.
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2.2.1. Conventional Length Waveguide Plus Transition Waveguide

The electromagnetic simulation outcomes corresponding to scheme, which involves
conventional length waveguide plus transition waveguide, are exhibited in Figures 4a and 5’s
plan 1 curves. The simulation results about the electric field distribution of the entire system
are as follows: when the power is one watt, the microwave energy coupled into the discharge
chamber through the microwave window, and a maximum electric field of 1661 V/m can be
formed in the discharge chamber, but the highest electric field of the entire microwave system
is indeed primarily focused inside the transition waveguide, which leads the plasma to migrate
towards the waveguide section and might result in the power blockage [16]. The scattering
parameter S11 and the transmission efficiency of the system in the 2–3 GHz frequency range,
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respectively, are shown as plan 1 curves in parts (a) and (b) of Figure 5. At 2.45 GHz, the
S11 parameter is only −0.826 dB, and the power transmission efficiency is just 13.4%. The
above demonstrates that the system’s impedance is incompatible. As a result, this matching
strategy needs to include a three-pin tuner or it will fail to meet the requirements of efficient
microwave transmission.

2.2.2. Conventional Length Waveguide Plus Miniaturized Ridged Waveguide

The ridge waveguide has a low cut-off frequency, low impedance, and high bandwidth.
It is commonly used to connect the front-end waveguide system and the ion source body.
The impedance of the whole ridge waveguide depends on several factors, such as the
impedance of each ridge waveguide (Zn), the number of ridge steps (N), the length of the
ridge segment (Ln), the gap between the ridge segments (dn), and the width of the ridge
segment (sn). The commonly used ridge waveguide has 3–4 segments, and the length of
each part is λg/4, where λg is the waveguide wavelength for transmitting microwaves. The
relationship of each segment of the ridge waveguide is as follows [16,17]:

Zn+1 = exp(ln(Zn) + 2−NCN
n ln

ZL
ZIV

), (3)

where n is the current number of ridge step, N is the total number of ridge steps, ZIV is the
input impedance, and ZL is the load impedance.

The impedance of a ridge waveguide is described differently, with the characteristic
impedance being determined by the voltage-to-power ratio as follows [18,19]:

ZPV =
V0

2

2P
, (4)

where V0 is the peak voltage across the ridge gap, and P is the power transmitted by the
ridge waveguide.

Assuming that the medium in the waveguide is air, at frequency f = ∞, the character-
istic impedance ZPV of the ridge waveguide is expressed as follows:

Z∞
PV =

1

k
120π2β

{
m 2β

k cos2 πγ
k ln csc πd

2b + πγ
2k + 1

4 sin 2πγ
2k + d

b
cos2 πγ

k
sin2 2πδ

k

[
πδ
k −

1
4 sin 4πδ

k

]} , (5)

k =
λc

a
; β =

d
a

; γ =
s
a

; δ =
(1− s/a)

2
, (6)

where λc represents the cut-off wavelength of the relevant frequency, a represents the length
of the rectangular surface of the ridge waveguide, and b represents its breadth.

According to the formula mentioned above, the impedance of each conventional ridge
waveguide segment may be determined. However, the length of each part of a standard
ridge waveguide is typically a quarter of the wavelength λg of the waveguide. For 2.45 GHz,
each section of the ridge waveguide is 30.6 mm, so the length of the conventional waveguide
used should be around 91.8 mm or 122.4 mm. The dimensions of the waveguide do not
suit our requirements. Therefore, based on the traditional ridge waveguide, referring to the
design of the transition waveguide, the cavity part of the ridge waveguide is designed as
a transition waveguide with three sections of openings gradually reduced. Three equal-
width steps are arranged along the transmission direction at the center of both sides of
the long side of the inner surface of the cavity, and the gaps between the three steps
gradually decrease. By adjusting the width of the ridge and the relative size of the steps, the
impedance-matching of the entire microwave system can be realized. The overall length of
the miniaturized ridge waveguide is about half that of the conventional ridge waveguide.

Figure 4b shows the simulation results of the miniaturized ridge waveguide instead
of the transition waveguide. Using the miniaturized ridge waveguide as a matching
waveguide can boost the electric field strength inside the discharge chamber. The maximum
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field strength inside the discharge chamber is increased to 6027 V/m, roughly four times
that of using the BJ26 to BJ32 transition waveguide.

The curves (plan 2) in Figure 5 show that the system has an experience with a scattering
parameter S11 of −21.44 dB at 2.45 GHz, and the microwave transmission efficiency into
the discharge chamber is greater than 90%. The effect of power transmission is close to the
experimental result of the existing traditional microwave system.

In this case, the size of the entire microwave system can be reduced to 316 mm, and
the length from the power source to the bottom of the discharge chamber is only 388 mm.
Although this solution has reduced the overall size of the microwave system, it is still
difficult to fit into the accelerator’s high-voltage spherical shell.

2.2.3. Reduced Length Waveguide Plus Miniaturized Ridge Waveguide

Taking into account changes in the microwave system’s working environment, the
microwave system can be further reduced. The high-voltage accelerator steel tank is
typically filled with SF6, and the gas environment is significantly more electrically insulated
than the atmospheric environment. As a result, the insulation size of the high-voltage
isolation waveguide can be reduced, as can the size of the excitation cavity, and the system
can finally be installed in a high-voltage spherical shell. After optimization, the size of the
entire microwave system can be reduced to 234 mm, and the length from the power source
to the bottom of the discharge chamber is only 306 mm finally.

Figure 4c and plan 3 curves in Figure 5 represent the simulation results of further
downsizing the microwave system. The microwave can still enter the discharge cham-
ber very effectively while generating an electric field with a maximum field strength of
6011 V/m. Additionally, at 2.45 GHz, the scattering parameter S11 is −23.752 dB, and the
transmission efficiency is higher than 90%, further demonstrating the microwave system’s
superior microwave transmission capability. Thus, the two key designs of the ion source
system, namely, small size and high transmission efficiency, are achieved, and the system
installed in the head of a high-voltage accelerator is satisfied.

3. Optimization of Discharge Chamber Size and Magnetic Field

Optimization is based on the simulation calculations with consideration that the
microwave and plasma parameter evolution are decoupled to each other, because the time
scale is at the ns level. Considering the time scale of microwaves, the motion of ions is
assumed to be negligible in comparison to the motion of electrons, the model ignoring
the plasma’s specific evolution [20,21]. This means that we can only focus on whether the
microwave is effectively absorbed and simplify the consideration of the type of ionized gas
and the input power value. Therefore, we will examine the ionization of the gas at 10 watts
of microwave. The influence of parameters such as the magnetic field and the size of the
discharge chamber on the process of absorbing microwave energy by plasma is evaluated
based on the state of the plasma.

In microwave plasma, the electric field (E) distribution satisfies the wave equation [20,22]:

∇× µ0
−1(∇× E)− k0

2(εr −
iσ

ωε0
)E = 0, (7)

where µ0 is vacuum permeability, k0 is the vacuum wavenumber, εr is relative permittivity,
ε0 is the vacuum permittivity, and σ is the plasma conductivity, which is a full tensor
determined by the electron density collision frequency and the static magnetic flux density.
Define the following parameters:

α =
q

me(ve + iω)
, (8)
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where q is the electron charge, me is the electron mass, and νe is the collision frequency
between electrons and neutral particles. The inverse matrix of plasma conductivity can be
expressed as:

qneσ−1 =

 −1 −αBz αBy
αBz 1 −αBx
−αBy αBx 1

, (9)

The drift–diffusion equation can be used to determine the electron density and electron
energy density if the electron density is constant in the resonance region, and the Debye
length is much smaller than the microwave interaction length [21,23]:

∂

∂t
(ne) +∇ · [−ne(µe·E)− De·∇ne] = Re, (10)

∂

∂t
(nε) +∇·[−nε(µε·E)− Dε·∇nε] + E·Γe = Rε, (11)

where E·Γe is the heating term, which comes from microwave heating and the motion of
electrons in the bipolar field. Re is the electron source term, Rε is the energy loss due to
inelastic collisions, De is the electron diffusion coefficient, Dε is the electron energy diffusion
coefficient, µε is the electron energy mobility, and µe is the electron mobility, which are full
tensors affected by the static magnetic flux density; the specific expressions are as follows:

De = µeTe; Dε = µεTε; µε = (5/3)µe. (12)

According to the above formula, different boundary conditions and the static magnetic
field distribution inside the discharge chamber will change the conductivity, the mobility,
and the diffusion coefficient of the plasma, resulting in ionization characteristics. The
factors affecting the ionization characteristics can be studied by analyzing the electron
density and temperature of the plasma.

The structure of the physical model used to perform the plasma calculations is shown
in Figure 2b. It consists of a microwave window, a mounting barrel, a discharge chamber,
and permanent magnet rings. The microwave window is composed of three pieces of
ceramics with a thickness of 10 mm and a piece of BN with a thickness of 2 mm. This
configuration effectively couples the microwave into the discharge chamber and can be
easily replaced at a later stage. The mounting barrel and the discharge chamber are made
of non-magnetic stainless steel, which facilitates the formation of a suitable magnetic field
inside the discharge chamber. The permanent magnet ring is made of NdFeB. In the
simulation, the direction of microwave power feeding and the direction of permanent
magnet ring magnetization are along the Z-axis.

3.1. The Impact of the Discharge Chamber’s Dimensions on the Ionization Properties

The axial magnetic field distribution is determined to be a saddle-shaped magnetic
field. The discharge chamber radius and length of the ion source model are modified.
When adjusting the radius of the cavity, keep the length of the discharge chamber at 40 mm
and the radius variation range at 10 mm–1.25 mm–20 mm. When adjusting the cavity
length, keep the discharge chamber’s radius at 15 mm and the variation range of changes
(L) at 30 mm–2.5 mm–50 mm. Some results of the spatial electron density distribution after
changing the radius and length of the cavity are shown in Figure 6a,b.

As shown in Figure 6, the maximum electron density distribution mainly distributes
near the center of the discharge chamber. In contrast, the minimum electron density
is primarily distributed near the wall of the discharge chamber. The plasma is mainly
concentrated in the center of the discharge chamber regardless of how the cavity’s size
changes, but as the cavity’s size increases, the degree of plasma concentration in the
chamber’s center will fluctuate and decrease with larger cavities.
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of the discharge cell.

Due to the limitations of the ion source’s placement conditions, the parameters of
the permanent ring, such as the structure values, are determined first in our design. We
consider the simulation results of the discharge cavities with different sizes to meet the
needs of power feeding and beam extraction at the same time. The plasma state under
varied size conditions, including the size of the space for accommodating the plasma and
the magnetic field distribution that defines the plasma discharge state, are distinct. The
simulation work judges whether the system meets the design requirements by examining
the electrons in the plasma, including the number of electrons, the average electron density
and the maximum electron density.

The number of particles is calculated by the volume integral of the electron density, the
average electron density represents both the total number and the volume change, and the
maximum electron density usually appears in the central region of the plasma. Figure 7a,b
demonstrate the effects of various radii and lengths on the number of particles, average
electron density, and maximum electron density in the discharge chamber, respectively.
The typical tendency of the average electron density and the maximum electron density
variation decreases with increasing size. Figure 7 demonstrates that the total number of
electrons initially increases and then decreases as the dimensions of the discharge chamber
change. As the dimensions increase, there is a peak value at a certain point, indicating a
behavior that does not align with the volume scaling law. This observation is consistent
with the results from reference [24], which showed a reverse volume scaling effect for
the extraction current in the axial dimension for high charge states. Furthermore, our
simulation results suggest that this trend is not limited to high charge states but also
applies to low charge states of the ion source. Whether a higher volume contributes to
the production of more intense currents requires further discussion. In practical design,
optimizing the axial and radial dimensions of specific models is crucial. The results of
the parameter sweep calculations of the model show that the number of particles is at
the maximum when the radius of the discharge chamber is 15 mm and the length of the
chamber is 40 mm. For an ion source that does not require a particularly high extraction
current (more than 20 mA), the primary demand is to lower the whole size of the system
including the microwave system; this size can satisfy the overall needs of the accelerator.
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Figure 7. The number of particles, the average electron density, and the maximum electron density
varies with the cavity: (a) is the number of particles, the average electron density, and the maximum
electron density contrast with the radius of the discharge chamber. (b) is the number of particles,
the average electron density, and the maximum electron density compared with the discharge
chamber’s length.

3.2. Effects of Three Classical Axial Magnetic Field Distributions on Ionization Characteristics

According to the research of ECR ion source workers, using an appropriate axial
magnetic field distribution can help improve the extraction beam intensity of the ion source.
The effects of three traditional axial magnetic field distributions often utilized in ECR ion
sources on the ionization properties inside the discharge chamber are confirmed by model-
ing the plasma inside the discharge chamber [10,17,25–27]. In Figure 8a, the three types of
field distribution are displayed. The size of the discharge chamber is Φ = 30 mm × L40 mm.
Type 1 is a flat magnetic field with a uniform field of 875 G in the middle; type 2 is a
Gaussian-distributed magnetic field with a peak value greater than 875 G, and type 3 is
a saddle-shaped magnetic field with low sides and a high center. The distribution of the
magnetic field and the contour line (860 G–5 G–890 G) are shown in parts (b)–(d) of Figure 8,
where the red contour line is 875 G. To evaluate the impact of the magnetic field on the
plasma from the perspective of the resonance plane, it is possible to estimate the size and
form of the ECR resonance plane based on the distribution of the contour line.
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Figures 9 and 10 illustrate the ionization characteristics associated with the three field
types. The variations in the average electron density and average electron temperature
inside the discharge chamber, as seen in the time domain, are shown in Figure 9. It can
be seen in Figure 9a that the electron density increases rapidly with time and tends to
be stable at around 0.1 ms and no longer increases. This response time will not change
with the change in the applied magnetic field. The saddle-shaped magnetic field can
produce the highest average electron density compared to the flat magnetic field and the
Gaussian-distributed magnetic field, which is nearly four times that of the former two
magnetic field distributions. The electron density of the flat magnetic field is marginally
higher than that of the Gaussian-distributed magnetic field. It further demonstrates that,
under identical circumstances, the saddle-shaped magnetic field has the best effect on gas
ionization and the most pronounced improvement for the ion source, which is consistent
with the conclusion of the ion source extraction experiment [26]. Figure 9b illustrates this
occurrence, which is compatible with the “preglow” phenomena seen in the experiment:
the electron temperature would rise dramatically in a noticeably short period, reach its
maximum value, decrease sharply, and then stabilize [21]. The ionization process within
the discharge chamber is to be stable at about 0.1 ms since the period at which the electron
temperature tends to stabilize is essentially the same as when the electron density tends to
stabilize. This is further evidence that the reaction time of the plasma is not related to the
distribution of the magnetic field.
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When the ionization process within the discharge chamber reaches a steady state at
0.1 ms, the distribution of electron density over the whole volume is depicted in Figure 10.
The following conclusions can be drawn: 1. Regardless of the variation in the magnetic
field distribution, the plasma will eventually be concentrated in the center of the discharge
chamber, with the maximum electron density near the discharge chamber proper and
the minimum electron density at the walls. However, the distribution and concentration
of the plasma are different, which is consistent with the results of the antenna source
simulation [28]. The saddle-shaped magnetic field has a more vital magnetic field confine-
ment force than the flat and Gaussian-distribution magnetic fields. It allows for the plasma
to be contained in a smaller space, reducing the likelihood of ion recombination on the
discharge chamber wall. 2. It is more likely that dense plasma will form with the saddle-
shaped magnetic field distribution. Figure 10 shows that, compared to the other two cases,
the saddle-shaped magnetic field produces a significantly higher electron density. This
result could be explained by the saddle-shaped axial magnetic field distribution, which has
a high magnetic field at both ends and a low magnetic field in the middle. It will constrain
the electrons to move back and forth between the magnetic mirrors, thereby improving the
ionization efficiency. At the same time, the saddle-shaped magnetic field is more extensive
than other magnetic fields through the resonance plane of the region with high plasma
density, thereby increasing the probability of electrons gaining energy.

Thus, it can be inferred from the ionization conditions of the discharge chamber under
those, as mentioned above, three classical axial field distributions, that the saddle-shaped
magnetic field has good aggregation ability and a larger resonance surface, which enhances
the efficiency of electron ionization and decreases the ionization of ions on the cavity
wall. As a result, the saddle-shaped magnetic field will perform better for the ion source
employing it under the same circumstances since it is more favorable for the production of
plasma [26,29–31].

3.3. Improvement of the Saddle Magnetic Field

It can be inferred from the ionization conditions in the discharge chamber under the
influence of the three conventional magnetic field distributions in the preceding section
that the saddle-shaped magnetic field is more favorable for plasma production. On this
basis, the influence of the magnetic field distribution on the discharge characteristics in the
discharge chamber is estimated by adjusting the shape of the saddle-shaped magnetic field
and the position of the central valley point.

By varying the size of the magnet while keeping the position of the peak point constant,
the center valley point of the saddle-shaped magnetic field can be smaller than 875 G, equal
to 875 G, or larger than 875 G. The distances between the valley point magnetic field
strength and 875 G are, successively, −119 G, −88 G, −43 G, 0 G, 41 G, 88 G, and 125 G.
The specific distributions of these seven axial magnetic fields are shown in the seven curves
in Figure 11a.

The influence of saddle-shaped magnetic fields with varied valley locations on the
discharge chamber’s discharge is displayed in Figure 11b. Because they are all saddle-
shaped magnetic fields with little difference, the electron density distribution inside the
space is similar. Nevertheless, Figure 11b demonstrates that the ionization properties under
various magnetic fields remain distinct. In the same size of the discharge chamber, the
variation in particle number, average electron density, and maximum electron density
follow the same trend, and all three are oblique “N”-shaped. When the valley point is
below 875 G, the particle number, average electron density, and maximum electron density
increase with the height of the valley point. Moreover, they decrease and then increase
when the valley point is above 875 G. This may be because the area of the resonance surface
keeps rising as the valley point approaches 875 G, leading to an increase in the ionization
efficiency. In a specific range above 875 G, the resonance surface decreases with the rise of
the valley point, and the ionization efficiency decreases. However, a heating mechanism
different from the ECR above a specific position improves the overall ionization efficiency.
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According to Figure 11b, setting the valley point within a small range lower than 875 G
or at 875 G can improve the ionization efficiency inside the discharge chamber to a certain
extent with a relatively simple design. Consequently, the performance of the ion source
is enhanced.

4. Summary

The design of an ECR ion source system for high-voltage accelerators is present in
this paper from two perspectives: the miniaturization of microwave systems, and the
optimization of the discharge chamber size and magnetic field. In terms of microwave
transmission, a solution was proposed by analyzing the existing compact ion source and
the microwave system: the removal of matching devices and the overall miniaturization
design of the microwave transmission line from head to the source load. The microwave
system and source matching are optimized using microwave circuit integrity simulation so
that the devices used for impedance mismatch can be removed in the actual use process
and the size of other waveguide devices is optimized, resulting in a 234 mm microwave
system. The distance between the magnetron and the bottom of the discharge chamber is
only 306 mm, which meets the requirement for size reduction while achieving an S11 of
−23.752 dB. The transmission efficiency exceeds 90%.

By simulating the plasma, the effects of the discharge chamber’s size and the distri-
bution of the static magnetic field on the ionization characteristics were studied. It was
possible to obtain a trend for the effect of a small discharge chamber size on ionization char-
acteristics. The results showed that selecting a discharge chamber with Φ30 mm × L40 mm
can produce the most particles. The saddle-shaped magnetic field distribution is more
able to produce dense plasma than the other two field patterns among the three distinct
magnetic field distributions often employed in various ECR ion sources. At the same time,
the saddle-shaped magnetic field was optimized, and the valley point of the saddle-shaped
magnetic field was adjusted. It could be found that the ionization effect of altering the
saddle-shaped valley point on the plasma is not as strong as the change in field type. The
impact of the saddle-shaped magnetic field on the plasma can be somewhat enhanced by
altering the valley point to within a narrow range of 875 G or setting it to 875 G.
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