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Abstract
In recent years, due to the scarcity of domestic radioisotopes, the Chinese government has strongly supported the develop-
ment of dedicated radioisotope production facilities. This paper presents conceptual design simulations of an 11 MeV, 50 µA, 
H

− compact superconducting cyclotron for radioisotope production. This paper focuses primarily on four aspects: magnet 
system design, central region configuration, beam dynamics analysis, and extraction system design. This paper outlines the 
cyclotron’s primary parameters and key steps in the development process.
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1 Introduction

Medical isotope production is an important field in nuclear 
medicine and medical imaging [1, 2]. These isotopes are 
widely used in the diagnosis and treatment of various dis-
eases, especially cancer and heart disease. Several medi-
cal isotopes can be produced in cyclotrons by bombarding 
targets with protons or other particles. Cyclotrons play a 
crucial role in medical isotope production [3–5] and offer an 
efficient and flexible method to meet the demands of mod-
ern medical diagnosis and treatment. Because of the cur-
rent shortage of radioisotopes worldwide, medical isotope 
production and supply systems are actively being developed 
[6–8]. As is widely recognized, low-energy cyclotrons are 
primarily employed for proton therapy [9–11] and radioac-
tive isotope production [12, 13]. Most existing cyclotrons 
use normal conducting magnet systems with a maximum 
field of approximately 2 T. Employing superconducting 
technology can easily increase a cyclotron’s average field 

to approximately 4–5 T, and up to 9 T in some cases [14]. 
Therefore, a smaller magnet radius can yield higher energy, 
resulting in a decrease in size and overall mass (roughly 
proportional to 1

B3
 ). A notable advantage of employing high 

magnetic fields in low-energy cyclotrons is that the entire 
magnet (including the yoke) can be accommodated using a 
compact cryostat. Additionally, superconducting technology 
has the advantages of increasing the magnetic field stabil-
ity, reducing maintenance costs, lower energy consump-
tion, reducing operating costs, and extending the operating 
time. Therefore, there is considerable interest in the design 
of superconducting cyclotrons [15]. This paper primarily 
focuses on the design of a magnet system that accelerates 
H− to an extraction energy of Ek = 11 MeV using a super-
conducting cyclotron magnet system for isotope production. 
Compared to existing cyclotrons, this design features a more 
compact structure achieved using spiral magnets, a more 
convenient isochronous field adjustment by adding magnets 
of specific sizes in the valley, and a simpler extraction sys-
tem via stripping extraction. Furthermore, a phase selector 
was added to the central region to avoid potential damage 
caused by particle loss in other areas, making device main-
tenance easier.

The designed cyclotron uses an internal source structure, 
namely, a Penning ionization gauge (PIG) [16] located near 
the center of the cyclotron. Owing to the low flutter in the 
central region, the magnetic field cannot provide adequate 
axial beam focusing. Consequently, the primary deficiency 
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in the axial focusing from the magnetic field occurs in the 
central region. The central region needs to be well designed 
to obtain sufficient electrical focusing to obtain sufficient 
beam capture acceleration, and beam centering is crucial 
for achieving a high final beam quality. Therefore, a well-
thought-out central electrode design is crucial to ensure suf-
ficient electric focusing for the beam, which accounts for the 
complexity inherent in the central region design. The extrac-
tion system employs a stripping device to extract a proton 
beam, which subsequently produces the required medical 
isotopes by bombarding an external target. Furthermore, the 
conversion of H− ions into protons via stripping was used to 
enhance the beam extraction efficiency, potentially reaching 
90% [17]. Using an external target can help keep the extrac-
tion region clean, and the stripping device size is not limited 
by the hill gap. The design of the main magnet must not 
only ensure stable beam acceleration but also provide suffi-
cient space for installing the ion source and stripping device. 
This is an iterative process and a critical phase in cyclotron 
development. The preliminary magnet system layout was 
determined in accordance with magnetic circuit laws. The 
magnetic field was simulated through modeling and finite 
element analysis using OPERA/TOSCA [18]. To achieve 
steady beam acceleration, two conditions must be fulfilled: 
the magnetic field must satisfy the isochronous criterion and 
must provide sufficient axial focusing for the beam. Achiev-
ing field isochronism is of paramount importance, and can 
be accomplished by fine-tuning the sector angular width, 
sector spirality, and hill and valley gaps. Accurate beam 
dynamics calculations are essential to obtain both the field 
isochronicity and beam motion characteristics precisely. The 
DONS [19] and OPAL [20] programs [21] were used for 
particle tracking in 3D electromagnetic fields. OPAL is a PSI 
tool that can be used for cyclotron design, and is a cyclotron 
design code developed by Dr. Xianghui Wang at the Univer-
sity of Science and Technology of China.

In this study, static equilibrium orbit analysis and beam 
tracking were performed. The central region structure and 
Dee angle were optimized via multiparticle simulations. The 
field isochronicity was evaluated by observing the phase 
offset of a single particle during acceleration. The beam 
matching effect on the beam radial emittance was studied via 
beam dynamics simulations. The final beam radial emittance 
was minimized by carefully matching the initial phase–space 
ellipse of the beam to the optimal one downstream and 
judicious selection of the radiofrequency (RF) phase, 
which results in the optimal characteristics of the final 
beam, namely, its efficiency and emittance. An appropriate 
stripping point was selected by observing the variation in 
the beam envelope during acceleration. Subsequently, the 
stripping foil position and dimensions were refined by 
analyzing how the azimuthal position and tilt angle relative 
to the beam affected the beam extraction. This arrangement 

enables extraction by using the stripping foil’s dual-
opposite positions to guide the beam more effectively [22]. 
Based on these design considerations, we present the main 
magnet system for a low-energy, compact superconducting 
cyclotron for the stable acceleration of H− ions. Because of 
its compact, flexible, and convenient design, this cyclotron 
is intended for use in medical radioisotope production.

2  Magnet design

To address the problem of obtaining the total energy within 
the confines of a magnetic constraint owing to the relativ-
istic mass increase by a factor (1), Thomas proposed the 
innovative concept of an isochronous cyclotron. The isoch-
ronous field is scaled by a relativistic factor � with respect 
to the radius ( B = � ⋅ B0 ) [23]. The phase stability of ions is 
obtained through their azimuthally symmetric isochronous 
design, while their axial (vertical) stability is achieved by the 
introduction of an azimuthally varying field (AVF). How-
ever, in the case of a high magnetic field in a superconduct-
ing cyclotron, the magnetic field flutter of a Thomas-type 
cyclotron is too small to provide sufficient traverse focus-
ing. Consequently, spiral sectors were adopted to increase 
the edge angle, and the number of sectors was reduced to 
increase the flutter. Based on these considerations, the mag-
net system of the 11 MeV cyclotron employs a three-fold 
symmetric, compact, and spiral magnetic structure, which 
plays a pivotal role in facilitating the axial focusing of ions 
at large radii.

The main parameters can be roughly estimated using simple 
analytical calculations [24, 25]. An effective magnet design 
must satisfy the following three criteria:

 (i) The magnetic field must increase with the radius to 
maintain an isochronous condition throughout the 
acceleration process.

 (ii) Azimuthally varying field focusing is achieved 
by configuring the magnet pole into a set of three 
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Archimedean spiral sectors while maintaining a 
consistent average magnetic field. The angular width 
is 60°. There must be sufficient axial and radial 
focusing for the beam to obtain an optimal transverse 
beam envelope during acceleration.

 (iii) The radial and axial betatron tunes must be suffi-
ciently far from dangerous resonances, or must pass 
through the resonance bands rapidly to ensure stable 
operation.

To obtain an ideal isochronous field, the Gordon method 
[26] was employed for the calculation, which must satisfy 
(2). The magnetic field value at the center for a given angular 
frequency can be obtained using (3) with r = 0. Upon deter-
mining the extraction energy and the magnetic field value 
at the center, the preliminary extraction radius estimation 
can be calculated using (4), where Ek is the particle kinetic 
energy and E0 is the remaining particle energy. The magnetic 
field intensity at the center was found to be 3.03 T. Due to H− 
lifetime issues caused by the magnetic stripping, for safety, a 
conservative value of 3 T must be selected for the magnetic 
field at the center without loss of the H− beam [27]. This 
central field value is significantly lower than the 4.5 T cen-
tral field of the existing ION-12SC small cyclotron, making 
it suitable for stripping extraction. The ion’s angular fre-
quency is calculated as f = 15.36 ⋅ B0 , yielding a value of 46 
MHz. This RF is lower than that of existing cyclotrons, such 
as the 68-MHz RF of the ION-12SC, making it easier to 
achieve in both manufacturing and operation. Based on (5) 
and (6), it can be preliminarily estimated that the magnetic 
field intensity in the extraction region is approximately 3.07 
T, and the beam extraction radius is approximately 160 mm.

It can be concluded from (7) that the magnet’s radius falls 
within the 173–200 mm range. Here, � represents the correc-
tion coefficient of the magnet, whose value ranges between 
0.78 and 0.91. To accommodate the installation of other 
components and provide sufficient space for the magnetic 
poles, a sector radius of 200 mm was selected after further 
optimization. Furthermore, considering the relationship 
between the spiral angle and radius of the magnetic pole, 
it was evident that the maximum spiral angle of the mag-
netic pole was 64°. This angle is within the capabilities of 
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standard machining processes, making it a feasible choice 
for implementation. The cyclotron RF system adopts a 197° 
single-Dee configuration and operates in the first harmonic 
acceleration mode. The rationale for the selection of this 
model is discussed in the following section. A hill gap of 
30 mm was selected as the installation location for the RF 
system. The cross section of the coil is 55 mm × 45 mm, 
with a total ampere-turns of 420,000 A. The current density 
of the coil was selected to be 170A/mm2 [28]. The funda-
mental cyclotron parameters are listed in Table 1.

Based on the magnet parameters listed in Table 1, a 1/3 
model was created using SOLIDWORKS and subsequently 
imported into OPERA/TOSCA for simulation. The simula-
tion model is shown in Fig. 1a. After a series of simulation 
iterations, the mean field was adjusted to match the isoch-
ronous field in the median plane using the Gordon method. 
Figure 1b shows a comprehensive representation of the 
median-plane mean field that satisfies isochronicity. The 
central field B0 is 3.032 T, the minimum field is 2.365 T, and 
the maximum field reaches 3.643 T. Various techniques [29] 
can be employed to approach the ideal isochronous field, 

Table 1  Basic cyclotron parameters

Item

 Cyclotron type Compact, Isochronous

Accelerated particle H
−

Final energy (MeV) 11
Current ( μA) 50
Central/extraction field (T) 3.032/3.067
Sectors/Sector shim type 3/Archimedean spiral
Spiral angle (maximum) ( ◦) 64
RF system One 197° Dee, 30 kV
Injection type Internal PIG source
Operating RF harmonic 1
RF frequency (MHz) 46
Extraction radius (mm) 160
Hill gap (mm) 30
Operating current density ( A/mm

2) 170
Cyclotron height (mm) 730

Fig. 1  (Color online) a 3D model of the upper half of the magnet in 
OPERA: 1: Dee; 2: dummy Dee; 3: magnet pole; 4: coil; 5: yoke. b 
Density map satisfying isochronicity
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including sector angular width modifications, spiral angle 
adjustments, and refining the hill and valley gaps, among 
others. The sector angular width and spiral angle remained 
unchanged throughout the optimization process. Because the 
RF system was not installed in the valley, the magnetic field 
was adjusted by modifying the valley gap at different radii. 
This can be achieved by adding magnets of specified sizes 
at different radii in the valley. Due to the compact cyclotron 
size, the advantage of doing this is that it is easy to imple-
ment in practice. Additionally, if necessary, other particles 
can be conveniently accelerated by adjusting the size of the 
added magnets according to the isochronous field require-
ments. This method has lower precision requirements for 
coil positioning than adjusting the superconducting coil, and 
offers higher adjustability.

Figure 2a shows the ideal isochronous field obtained via 
the Gordon method and the azimuthal mean-field distribu-
tion obtained by the model, plotted as a function of R. It can 
be seen that the deviation between the simulated field and the 
ideal isochronous field remains within 10 G throughout the 
acceleration region. To achieve weak focusing in the central 
region and satisfy the axial stability requirement of the parti-
cles, the magnetic field in the range of r = 0–20 mm exceeds 
the theoretical isochronous field. Betatron frequencies were 
calculated from small perturbations of the equilibrium orbit. 
Figure 2b shows the orbital frequency error variation with 
energy and the orbital frequency error throughout the entire 
acceleration process, maintaining a remarkable low level 
within 0.02%. From this perspective, an isochronous field 

error within 10 G falls within the acceptable error range. 
This error was verified more precisely via beam dynamics 
simulations in the subsequent stages. Besides satisfying the 
isochronous condition, the magnetic field distribution must 
deliver an ample transverse force to effectively focus the 
particle beam. Radial and vertical beam tunes are intricately 
linked to various magnetic sector parameters, including the 
radial field index, spiral angle, and field flutter. The work-
ing point of the cyclotron was effectively separated from a 
dangerous resonance state by fine-tuning the spiral angle of 
the magnetic pole. Figure 2c shows the static equilibrium 
orbit (SEO) ringing from 1 to 11 MeV. Each orbit oscillates 
around a specific radius, and the concentric distribution of 
these orbits demonstrates effective isochronous field regu-
lation. Figure 2d shows a working point diagram for the 11 
MeV cyclotron design, calculated from the magnetic field 
map produce by OPERA using OPAL and DONS. As can 
be seen, there is little difference between the calculations 
by the two codes. Notably, the diagram demonstrates that 
the particles effectively avoid crossing dangerous resonance 
lines (the dotted lines represent different resonance lines) 
throughout the acceleration process.

3  Central region

The central region structure design significantly affects the 
intensity and quality of the extracted beam. To enhance the 
transmission efficiency in the central region and quality of 
the extracted beam, the central area design should consider 
the following aspects:

 (i) The central region structure should have a fixed phase 
acceptance. Maximizing the central region phase 
acceptance is crucial for enhancing the beam trans-
port efficiency within the central region.

 (ii) Reducing the beam phase dispersion and optimizing 
the beam centering in the first few turns play decisive 
roles in improving the quality of the extracted beam.

 (iii) The beam quality at the point of entry into the extrac-
tion system is a critical factor that influences both the 
extraction efficiency and the quality of the extracted 
beam.

The RF resonator, with a Dee radius of 180 mm, accom-
modates itself between the spiral pole faces. The Dee plates 
were 3 mm thick and spaced 10 mm apart. A structural 
model of the Dee and central regions was used to deter-
mine the electrical field distributions employed in the beam 
dynamics analysis. Figure 3 shows the model structure for 
the central region. A PIG-type ion source with an internal 
chimney radius of 2 mm was used. The dimensions of the 
ion source opening slit were 0.2 mm × 2 mm. The most 

Fig. 2  a Designed magnetic field compared with the ideal isochro-
nous field and the isochronous field error. b Orbital frequency error 
variation with energy. c Static equilibrium orbit from 1 to 11 MeV. d 
Working point diagram
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commonly used shape for the source slit is one whose axial 
size is several times greater than its radial size [30]. The 
gap between the Dee and dummy Dee was 6 mm, with the 
peak voltage set at 30 kV. Compared with the central region 
design of the ION-12SC, this design increases the gap 
between the Dee and dummy Dee, which enhances the Dee 
voltage, improves the acceleration efficiency, and reduces 
the acceleration time.

In the case of a PIG-type ion source, where the initial 
beam energy is typically low, the time required for the par-
ticles to traverse the first acceleration gap is non-negligible. 
At the ion source output slit, the beam energy typically 
ranges between 5 and 20 eV, with an emittance of approxi-
mately 1.3�mmmrad [31]. According to Kilpatrick’s for-
mula [32], ignition occurs when the value is higher than 1.3 
Kilpatrick Criterion in the experiment (1 Kilpatrick Crite-
rion equals 86 kV/cm at 46 MHz). When generating the ini-
tial particle distribution injected from an internal source, the 
dependence of the extracted beam intensity on the extraction 
voltage amplitude must be considered, as described by the 
Child–Langmuir law [33]. l32 After the preliminary calcu-
lation, the width of the first acceleration gap was approxi-
mately 3.5 mm. The first acceleration gap significantly 
influences the particle trajectory and other beam dynamic 
characteristics; therefore, the design of the first acceleration 
gap is the main consideration in the central region design. 
In the central structure of the internal ion source, the beam 
parameters can be adjusted by manipulating the position and 
direction of the ion source opening slit. Based on the beam 
centering and the energy gain in the initial turns of the par-
ticle, the ion source position, initial particle direction, and 
starting RF phase at the ion source output slit were opti-
mized. Further details are provided in the following section. 
Following the ion source placement optimization, optimal 
beam centering was attained, the ion source was positioned 
at (− 0.2 mm, −7 mm), and the radius was 7.0029 mm.

It is necessary to analyze the particle acceleration process 
with various initial phases because the central region exhib-
its different acceptance characteristics for particles injected 
at different times. First, in terms of energy gain, Fig. 4a and 
b clearly shows the particle trajectories with different initial 
phases in the first few turns and the energy gain through the 
first acceleration gap. It is evident that the particle energy 
gain with initial phase distributions of − 90 to − 40° and 
0 to 90° is significantly smaller than that of particles with 
initial phase distributions of − 40 to 0°. Second, the analysis 

was conducted from the viewpoint that the particles were 
subject to focusing/defocusing. According to theoretical 
analysis, particles approaching the phase where the elec-
tric field is about to decrease experience a greater focusing 
effect as they pass through the acceleration gap centerline. 
Figure 4a reveals that axial defocusing acts on particles pass-
ing through the first acceleration gap when the initial phase 
distribution is between − 90° and − 60°, while axial focus-
ing is applied to particles with a phase between − 60° and 
0°. The above analysis indicates that particles with initial 
phases ranging from − 40 to 0° exhibit better energy gain 
and focusing effects.

The central region must be designed in such a way to 
ensure that the beam undergoes sufficient axial focusing as 
it traverses the first few acceleration gaps [34, 35]. This is 
crucial because of the low initial energy at the ion source 
output slit, which defocuses the beam. The initial RF model 
used a 180° Dee structure, in which case the phase of the 
second pass through the accelerated gap midline is 170° 
when the particles experience axial defocusing for the 
first few turns, resulting in a low transmission efficiency 
of 26.5%. Optimizing the Dee structure enhanced the 
transmission efficiency in the central region by providing 
axial focusing during the second acceleration gap in the 
initial turns. By selecting a single 197° Dee structure, the 
optimized central region transmission efficiency is 62%. The 
multiparticle simulation results show that particles within a 
range of 0–30° can traverse the central region but were not 

Fig. 3  (Color online) Schematic 
of the RF model: 1: dummy 
Dee; 2: Dee; 3: ion source; 4: 
puller; 5: phase selector; 6: 
beam loss; 7: reference particle 
trajectories

Fig. 4  (Color online) a Different initial phases vs. energy gain after 
crossing the first acceleration gap. b Particle trajectories. c Initial 
phase acceptance. d Optimal phase acceptance. The blue dots rep-
resent ions injected from the ion source; the red dots represent ions 
accepted into acceleration
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successfully extracted because of the growing de-centering 
of the beam, as shown in Fig.  4d. The multiparticle 
simulation results also indicate that the phase acceptance in 
the central region ranged from 30 to 30° without the phase 
selector. Under these conditions, the transmission efficiency 
for the first few turns was 62%, with only 35% achieving 
full energy acceleration. A phase selector was incorporated 
into the central region to selectively discard particles with 
initial phases ranging from 0 to 30°. This measure aims to 
reduce the energy dispersion and radial oscillation amplitude 
of the extracted beam, thereby improving its overall quality. 
Furthermore, particles with phases between 0° and 30° 
were lost in other parts of the cyclotron, potentially causing 
damage. Therefore, it is preferable to add a phase selector 
to the central region to ensure that the particles are lost 
within the phase selector. Periodically changing the phase 
selector is more convenient and effective than addressing 
the potential damage caused by particle loss in other areas. 
Finally, the particle transmission efficiency in the first few 
turns was 40%, with 30% capable of accelerating to full 
energy. The trajectory of the beam particles captured during 
central region acceleration is shown in Fig. 3.

4  Beam dynamics calculations

4.1  Single‑particle tracking

Field isochronism and tune optimization are crucial consid-
erations in cyclotron magnet design. Therefore, it is essential 
to conduct a thorough assessment of the field isochronism 
and carefully examine both axial and radial beam focusing 
through single-particle tracking. The radial and axial beta-
tron tunes of the particles were studied, and the working 
point diagram of the cyclotron based on the SEO was con-
structed, as discussed in the previous section. Subsequently, 
a comprehensive exploration of the beam’s properties dur-
ing the acceleration phase was conducted. The phase offset 
within the accelerating region was obtained from the beam 
dynamics analysis to ensure that it satisfied the isochronous 
requirements (see Fig. 5c). The acceleration voltage expe-
rienced by a particle as it traverses the acceleration gap is 
described as V = V0 cos� , where V0 is the maximum RF 
system voltage.

The single-particle tracking results revealed that the par-
ticles demonstrated enhanced beam centering characteristics 
and energy gain. The first-turn energy gain was 53.3 KeV, 
corresponding to a radius of 10 mm. Consequently, the esti-
mated distance of the ion source from the machine center 
was approximately 7 mm. The trajectory of a single particle 
was calculated using OPAL and DONS. Figure 5a shows the 
trajectory of an H− particle undergoing acceleration from 20 
eV to 11 MeV (with the bunch position at approximately r 

= 155 mm). The particle reached 11 MeV after 191 accel-
eration turns. This indicates the high effectiveness of beam 
centering as well as the consistency in the tracking results 
between the two codes. Figure 5b shows the particle energy 
gain per revolution, and the kinetic energy of the H− ion as 
a function of the number of turns throughout the accelera-
tion process. The computed energy gain per particle turn 
was approximately 57 KeV, with a negligible relative error 
within 1.5% between the results obtained by the two codes. 
Figure 5c shows the RF phase of the H− ion as it traverses 
the Dee gap. The mean-field dependence of the number of 
turns slightly deviated from the isochronous curve. This led 
to slippage in the RF phase of the particles. As shown in 
Fig. 5c, the total RF phase excursion during the acceleration 
process remains within 5°, reflecting the high isochronicity 
degree of the magnetic field. The similarity in the trends of 
the phase excursions calculated using the two codes further 
confirms the accuracy of the simulation results.

4.2  Tracking of an ensemble of particles

Tracking an ensemble of particles is necessary to investi-
gate the impact of the magnetic field on beam focusing and 
transmission efficiency. Calculations were conducted using 
10,000 macroparticles. Observations show an increase in 
emittances (projections on phase-space planes) as the beam 
undergoes acceleration within the central region. The beam 
exits the ion source opening slit and accelerates to 0.5 MeV 
after 10 turns, the radial beam emittance is approximately 
3 �mmmrad . The results show that the radial emittance 
increases from 3 �mmmrad to 10.15�mmmrad (at Ek 
= 11 MeV) when a mismatched distribution is observed. 

Fig. 5  (Color online) a Particle tracking. b Energy gain per turn. c RF 
phase excursion
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This phenomenon results in degraded beam quality during 
extraction. To reduce this effect, the initial beam distribution 
was comprehensively studied to optimize the quality of the 
extracted beam.

Subsequently, the influence of the radial motion stable 
region [36] on beam emittance throughout the acceleration 
process was studied. The initial particle distribution from 
the ion source slit was assumed to be an uncoupled Gaussian 
distribution. The particle bunch evolves under the influence 
of the fields generated by a simplified azimuthally symmet-
ric cyclotron. It self-generated into a circular stationary dis-
tribution after several initial turns. The primary focus was 
on achieving radial matching. After obtaining the particle 
SEO at an energy of 0.5 MeV, the deviations in the particle’s 
position (r) and radial momentum (pr) from the SEO were 
adjusted, and these parameters were recorded after each turn. 
The radial phase–space motion of the beam near the SEO 
was obtained via different phase–space trajectories under 
different initial conditions, as shown in Fig. 6a. The red area 
indicates the stable region. The Twiss parameters of a beam 
with an emittance of 3 �mmmrad in the stable region can 
be easily obtained.

To confirm the compatibility of this distribution, the par-
ticles were tracked for multiple turns within the cyclotron at 
a 0.5 MeV beam energy without an RF system. As shown in 
Fig. 6b, the observed slight beam emittance oscillation can 
be attributed to the inherent nonlinearity within the magnet 
system. The periodic nature of the radial beam emittance 
oscillation without acceleration stems from the non-integer 

values of the radial betatron tunes Qr , which range between 
1.004 and 1.027. Similarly, the observed marginal axial 
beam emittance fluctuations are attributed to the axial beta-
tron tunes falling within the range of 0.0998 and 0.32. These 
findings align with the theoretical expectations.

Herein, a detailed beam emittance evolution study dur-
ing the acceleration process is presented for two scenarios: 
a mismatched beam and a beam with particles distributed 
within radial stability. As shown in Fig. 6c, the simulation 
results indicate that the radial equilibrium of the matched 
beam exhibits significantly lower emittance than that of the 
mismatched beam throughout the acceleration process, with 
the emittance of the former decreasing to 2.36�mmmrad at 
the extraction. Figure 6d shows the radial envelope evolu-
tion for the two scenarios during acceleration. It is evident 
that the mismatched beam experiences pronounced radial 
oscillations spanning 0.1–1.2 mm, whereas the matched 
beam exhibits a considerably narrower variation range in 
its radial envelope, fluctuating between 0.08 and 0.26 mm. 
This reduction in beam emittance and envelope enhances 
the quality of the extracted beam and improves the extrac-
tion efficiency.

5  Extraction system

It is widely recognized that cyclotrons used in radioisotope 
production typically have a lower beam quality than those 
intended for fundamental research and cancer therapy. Con-
sequently, the cyclotron design presented here adopts the 
stripping extraction method commonly used in negative-ion 
accelerators, which has the advantages of a simple structure 
and high extraction efficiency. The optimum stripping point 
is a crucial factor that affects the quality and transmission 
efficiency of the extracted beam. An ensemble of particles 
was used to determine the emittance, envelope, and other 
extracted beam parameters. The precise location of the strip-
ping foil was determined based on the real-space behavior of 
the tracking results in two adjacent turns, particularly near 
the 11 MeV beam energy. Determining the stripping point 
for the 11 MeV extracted energy relies on two key criteria:

 (i) The radial beam envelope is minimal in each turn, 
especially near the 11 MeV energy value.

 (ii) When condition (i) is satisfied, the position of the 
beam emittance is at a minimum in each turn around 
an energy close to 11 MeV.

These two requirements can be used to determine the 
appropriate stripping point. The exact position of the 
stripping foil was precisely determined by studying its 
azimuthal and tilt angles.

Fig. 6  a Radial phase–space motion of the beam near the static equi-
librium orbit. b Beam emittance evolution with the number of turns. c 
Beam emittance evolution with energy. d Radial beam size evolution 
with energy
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Effective vertical focusing can be achieved by selecting 
the azimuthal position of the stripping foil. The phase–space 
distributions extracted at different stripping foil azimuth 
angles are shown in Fig. 7a and b. It is notable that while 
the axial distribution remains nearly elliptical owing to the 
characteristics of multi-turn extraction, the radial distribu-
tion of the bunch becomes non-elliptical as it traverses the 
stripping foil. This property contributed to an increase in the 
energy spread of the extracted beam. An azimuthal angle of 
97° was adopted for beam focusing optimization. It is widely 
recognized that the angle between the stripping foil and the 
beam’s normal direction acts as a focusing or defocusing 
lens in the radial direction while having no impact on the 
axial direction. Figure 7c and d shows the extracted beam 
envelope as a function of the stripping foil rotation angle. 
This angle has a significant influence on the radial beam 
envelope, whereas its effect on the axial beam envelope is 
relatively minor. A tilt angle of 4° was adopted to minimize 
the extracted beam envelope.

Stripping extraction has the advantages of a high extrac-
tion efficiency and simple operation; however, because of 
the existence of a large number of overlaps in the extrac-
tion region, stripping extraction is challenging. Therefore, 
a dual-opposite stripping foil device was used to improve 
the quality of the extracted beam. Figure 5a shows the 
basic principle of using a dual-opposite stripper–extraction 
cyclotron for extraction. The black line indicates the stripper 
location in the valley. The beam was efficiently extracted 
by using two stripping foils positioned at an azimuthal dif-
ference of 175.26°. Simulation results showed that 96% of 

the macroparticles were successfully extracted using the 
first stripping foil; the remaining 4% were stripped and 
extracted using the second stripping foil. The beam size at 
the stripping foil was 0.5 mm × 3.4 mm. It is worth not-
ing that the radial emittance experienced a modest increase 
from 0.5�mmmrad to 1.1�mmmrad , whereas the axial 
emittance exhibited a negligible change of approximately 
0.3�mmmrad . The energy spread of the beam during 
extraction was 0.0098 MeV.

6  Conclusion

This paper presents a new compact superconducting cyclo-
tron design for medical isotope production, with a 11 MeV 
energy and a 50 µA beam current for H− ions. Compared 
with ION-12SC, it offers a higher extracted beam intensity, 
which enhances the production efficiency and makes it more 
suitable for PET isotope production. This study covered the 
magnet system design, central region configuration, beam 
dynamics analysis, and extraction system design. The ini-
tial size of the magnet system was established according 
to magnetic circuit theory. Owing to the complexity of the 
magnet system design, precise beam dynamics simulations 
were performed to fine-tune the magnetic sector dimensions. 
After multiple iterations, the final magnet dimensions were 
200 mm in diameter and 730 mm in height. The deviation 
between the obtained and isochronous fields remained well 
within 10 GS, and the orbital frequency error was on the 
order of  10–4. Notably, beam dynamics calculation results 
showed that the tune does not intersect any hazardous reso-
nance lines during acceleration.

The proposed RF system employs a single 197° Dee 
model to provide axial focusing for the beam during the 
first few turns. After optimization, the PIG-type ion source is 
positioned at (− 0.2 mm, − 7 mm). Assuming an ion source 
output slit energy of 20 eV and initial beam emittance of 
1.3�mmmrad , the transmission efficiency of the central 
region was enhanced from 26.5 to 40% through the iterative 
modification of the central electrode structure. The results 
revealed that, after 191 acceleration turns, the particle’s 
energy reached 11 MeV at a radius of 155 mm. Notably, 
the RF phase extrusion remained within 5° throughout the 
process. Additionally, the impact of beam emittance vari-
ations on the emittance of the extracted beam and that of 
the initial beam distribution on beam emittance during the 
acceleration process were investigated. It is worth noting 
that selecting the initial particle distribution in the radial 
stable region can effectively reduce emittance growth during 
acceleration. Consequently, the extracted beam emittance 
decreased from 3.92�mmmrad to 2.36�mmmrad . Further-
more, the radial beam envelope oscillation range exhibited a 

Fig. 7  (Color online) a, b Radial and vertical phase–space distribu-
tions as a function of the stripping foil azimuth. c, d Extraction beam 
envelope as a function of the stripping foil rotation angle
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significant improvement, decreasing from 0.1 to 1.2 mm to 
a much narrower range of 0.08–0.26 mm.

Stripping extraction was adopted because of its high effi-
ciency and the fact that its beam quality meets the require-
ments of a cyclotron for radioisotope production. The strip-
ping point at 11 MeV was calculated by determining the 
methodology of finding the minimum beam size at the strip-
ping foil, using the phase–space distribution obtained from 
the multiparticle simulations, and conducting a detailed sim-
ulation of the extraction trajectory for the 11 MeV energy 
beam. The impact of the stripping foil azimuthal position 
and the tilt angle between the stripping foil and beam on 
the quality of the extracted beam were studied. A stripping 
foil azimuthal position at 97° and a tilt angle of 4° were 
adopted. Notably, the energy spread was 0.0098 MeV for a 
11.12 MeV energy.
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