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Irradiation processing using electron beams

Economic scale: In U.S. ~200 billion dollars, 3.9% GDP; In China, predicted 
growth 15% per year; 10% growth rate world wide

Applications Electron 
beam energy

vulcanization of rubber ≤ 500 keV

Surface coating 80-300 keV

Battery Separator ≤ 300 keV

Waste water processing 0.5-1 MeV

Flue gas cleaning 125 keV

hydrogel product ≤ 300 keV

Dioxin processing 300 keV

➡ Applications of low energy electron accelerators (<1 MeV)
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R&D of ICT electron accelerator for industrial irradiation

ICT (insulated core transformer) type electron accelerator is an optimum choice for 
low energy applications
 High efficiency (>85%)
 Energy range 0.3-1MeV
 High power, up to 100kW

 ICT high voltage power supply proposed by Van De Graaf 1; 
 1 primary coil + multiple secondary coils, output from rectifiers connected in 

series to achieve high voltage 
 1

L. Yang, J. Yang et al., Rev. Sci. Instrum. 
85, 063302 (2014)  
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Design and Development of an 300keV/30mA ICT 

• Challenges: high level magnetic flux leakage at upper layers, lead to significant 
voltage decrease 

• Compensation using increased turns number and parallel capacitors 

4.1$kV/mm4.5$kV/mm

3.5$kV/mm

7.0kV/mm

Courtesy of Jun Yang
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Design and Development of an 300keV/30mA ICT 

• Test result for ICT power supply: <3.5% 
for non-uniformity of voltage distribution

Courtesy of Jun Yang
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Considerations of (c.w.) semi-isochronous scaling FFAG (5-10MeV)

• Demands: Sterilization for medical products and foods 
• Replacement of Co-60 sources 
• Irradiated food permitted in 57 countries: Garlic (China), Potatoes (Japan), Fruites(US) 

• CW beam required for high beam intensity 
• For fast irradiation processing, normally beam intensity > 20mA 
• IBA’s Rhodotron, 500-700kW, max. energy 10 MeV

from IBA website
“Ridgetron”, N. Hayashizaki et al. / Nucl. Instr. 
and Meth. in Phys. Res. B 188 (2002) 243–246 
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Considerations of (c.w.) semi-isochronous scaling FFAG (5-10MeV)

• Serpentine acceleration in scaling FFAGs
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Considerations of (c.w.) semi-isochronous scaling FFAG (5-10MeV)

• Example for serpentine channel formation, ~9MeV @ extraction
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Considerations of (c.w.) semi-isochronous scaling FFAG (5-10MeV)

• Critical voltage for rf
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Considerations of (c.w.) semi-isochronous scaling FFAG (5-10MeV)

• 9MeV, k=8.0, Vc ~ 800kV, technique 
challenges for rf system, also for magnet 
(high k, large gap at injection, fringe field) 

• When the extracted energy is decreased 
to 7MeV, k=6.5, Vc=470kV for good 25 
degrees rf phase acceptance

• Case study of a 9 MeV cw FFAG
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Summary (1)

Demands for EB in industrial applications, both for low energy (<1 
MeV), and high energy (5-10 MeV) 
Low energy regime, ICT type high voltage accelerator with high 
power transfer efficiency (~85%) 
Higher energy regime, cw mode scaling FFAG will be a good 
choice. However, accelerating voltage provided by rf is 
challenging, as well as the complexity of the magnet and 
significant fringe field at injection due to large k should be 
considered
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Status and challenges of proton therapy in China

The cancer is a leading cause of death worldwide. According to 
WHO's report, the number of new cancer cases and deaths will 
reach 15 million and 10 million in 2020; In China, 6.6 million and 3 
million respectively

Compared to X-ray, gamma-ray, and electron beams, Proton therapy 
is the most effective method in radiation therapy, 

Minimum damage to healthy tissues surrounding at the target 
tumor, due to its unique ‘Bragg peak’ of dose distribution;
48 proton therapy centers located in worldwide, more than 
100,000 patients treated, cure rate higher than 80%
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Cancer situation in China

• 30.9% overall cure rate 
• Proton therapy in China:  

• Zibo Tumor Hospital (IBA 230 MeV cyclotron),; 
• Shanghai proton & heavy ion therapy center, start 

treatment from May-8 2015 
• Limited resources: 

• Some patients go to US, Germany and Japan 
• RPTC @ Munich, 25% patients come from China 
• Expensive compared to domestic treatment, 3-4 

times

Gastric cancer

Esophageal cancer

Liver cancer
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Background of HUST Proton Therapy Project

HUST, collaborated with Cyclotron Division of CIAE, are proposing a 
proton therapy project with the PT center located at Wuhan

 250 MeV / 500 nA superconducting cyclotron provides cw proton 
beam, for fast pencil beam with IMPT (intensity modulated proton 
therapy)
 2 Gantry rooms with +/- 180 degrees range, for 1st phase
 For center site: A new International Medical Center of HUST is under 

planning and construction, which includes a proton therapy center 
covering function of research, development and clinic experiment.
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Comparison of different schemes for proton accelerator
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Isochronous cyclotron & synchro-cyclotron, with superconducting magnets

!

MSU/PSI/Accel scheme 
Superconducting isochronous 
cyclotron: 3T @ ext., 3.2m 
diameter, internal cold 
cathode PIG; fixed RF 
(H. Rocken, CYC2010) 

IBA S2C2 (superconducting synchro-
cyclotron):  max. 5.7T@C.R., 2.5m diameter, 
internal cold cathode PIG; 1k Hz rotco RF 
(W. Kleeven, MO4PB02, CYC2013) 

SCENT project @ INFN 
(L. Calabretta, “PRELIMINARY 
STUDY OF THE SCENT 
PROJECT”) Mevion S250, http://mevion.com/

http://mevion.com/
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Overall considerations of HUST SCC-250 Superconducting Cyclotron
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Design of spiral magnet pole
Superconducting coil induced field possesses 
dominant part, and the field flutter contributed 
from pole hill and valley structure is much lower. 
(F<0.1)
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! For the side shimming points, they are designed to counter-
balance neighboring shimming value with the displacement
dLside, k ¼ 1

4 ðbk$1þbkÞ.

In computation models of the magnet, the pole edge is directly
connected by the main and side shimming points in order to ease
the modeling process. However, during the machining of the pole
edge after field mapping, a cubic spline interpolation among these
shimming points is suggested to obtain a smooth pole shape.

3.3. Comparative results

The proposed matrix method is applied on the initial magnet
model illustrated in Fig. 1. After performing the equilibrium orbit
calculation, the gyration frequency error and isochronous field
error are acquired, as shown in Figs. 9 and 10. For a comparative
study, the hard edge approximation is also used. Fig. 8 shows
shimming vectors calculated independently by the original least
square fit, the improved solution with artificial adjustment, the
hard edge approximation with the scaling factor 1.0 and 0.8. The
result also shows the hard edge approximation has an
undervaluation on the shimming value, as is mentioned in
Section 3.1.

Fig. 9 exhibits the calculated isochronous field error and
various shimming effects with above methods. It is obvious that
the proposed matrix method gives a more precise compensation
for the isochronous field error. Due to the deficiency on describing
nonlinear radial fringe field, there exists considerable discrepancy
to the desired shimming effect when using the hard edge
approximation. A fast convergence of the magnetic field
isochronism can be achieved with the proposed matrix method.
As seen in Fig. 10, after second iteration using the improved
matrix method, the relative gyration frequency error is controlled
within 0.02%, and the history phase slip is o783.

4. Considerations on beam dynamics and pole end shaping

Beyond the requirement of isochronism condition, the mag-
netic field distribution of compact cyclotrons should provide
sufficient transversal focusing of the beam, as well as avoid

dangerous resonance crossing during beam acceleration, or at
least pass through quickly.

The horizontal tune nr and vertical betatron tune nz of beam
depend on multiple parameters of the magnet, which can be
approximately expressed by [3]

n2
r ¼ 1þkþ

3N2

ðN2$1ÞðN2$4Þ
Fð1þtan2 xÞ ð8Þ

n2
z ¼$kþ

N2

N2$1
Fð1þ2 tan2 xÞ ð9Þ

where k¼ ðr=BÞð@B=@rÞ is the radial field index, F ¼ ðB2$B
2
Þ=B

2
is

the flutter of the magnetic field, and x is the spiral angle.

Fig. 8. Comparative shimming vector for the initial magnet model calculated by:
(1) least square fit; (2) improved solution with artificial adjustment; (3) hard edge
model with scaling factor 1.0; and (4) hard edge model with scaling factor 0.8.

Fig. 9. Shimming effects using various shimming vectors.

Fig. 10. Top: gyration frequency error with two shimming methods and
bottom: corresponding history phase slip.

B. Qin et al. / Nuclear Instruments and Methods in Physics Research A 620 (2010) 121–127 125
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Table 1: Overall parameters

Extraction energy 250 MeV
Ion source Internal P.I.G. source
Beam intensity ≈ 500nA
Emmittance 5πmm ·mrad
Injection / extraction field 2.45 / 3.1 T
Spiral angel (maximum) 66 degrees
Pole gap at hill 5 cm
Pole radius 84 cm
Total ampere turns 1.2MA · T
RF frequency 74MHz (harmonic mode=2)
Energy gain per turn ≈ 400keV
Extraction scheme Precessional extraction

MAGNET DESIGN AND TUNE

OPTIMIZATION

Optimization of the flutter and the spiral angle

The magnet model built by TOSCA [6] is shown in Fig. 1.
Compared to room temperature magnet, the superconduct-
ing coil induced field possesses dominant part, and the field
flutter contributed by pole hill and valley structure is much
lower. Since ν2

z ≈ −k +F · (1 + 2 tan2 ζ ), and the field index
k = γ2

− 1 is pre-determined to maintain isochronous con-
dition, a spiral angle must be introduced to compensate the
instability of −k .

For a given extraction energy γext, the maximum spiral
angle has a strong relation to the flutter at the extraction area.
To reduce this spiral angle for achieving higher rf voltage,
the flutter is optimized by choosing a suitable ratio of hill /
valley gaps. Also, the coil field need be controlled to avoid
decreasing the flutter. Fig. 2 shows the optimization of the
flutter and the final flutter is beyond 0.05 for main accelera-
tion area.

Figure 1: Magnet model

Normally ν2
r ≈ 1 + k = γ2 is smoothly changed by beam

energy, but, to maintain a stable vertical tune, the spiral an-
gle need be adjusted along the radius. A python script was
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Figure 2: Optimization of the flutter

developed to modify the spiral angel in the tosca model, ac-
cording to the calculated tune variation. Finally, a well con-
trolled tune shift was obtained, as shown in Fig. 3.
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Figure 3: Tune diagram during acceleration, only third res-
onances drawn

Isochronous field shimming with trim rods

For cyclotrons with room-temperature magnet, the
isochronous field can be achieved by pole shaping precisely
[7]. However, as addressed, the field component produced
by the superconducting coils and iron pole saturation makes
pole shaping not so efficient.

Two steps are used for field isochronism: 1) For meet-
ing initial isochronous field condition, the hill pole width is
increased from the central region to the pole end, with an it-
erative process by evaluating the field generated by TOSCA
model. As shown in Fig. 4, the isochronous field error can
be limited within 150 Gs. 2) Fine shimming by using trim
rods. As shown in Fig. 5, 29 trim rods are located at the
center line of the spiral pole, and the independent field shim-
ming effect when removing these rods are shown in Fig. 6.
For the trim rods with same surface area, the shimming ef-
fect will decrease along the pole radius due to the increasing

Installation of RF cavity and higher RF voltage need the 
spiral angle as small as possible

Spiral angle is modulated along the radius, reach 
maximum at extraction

Enhanced field flutter by 
optimizing the magnet structure  
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Stabilization of tune variation

• Precessional beam extraction: The last turn separation due
to acceleration is less than 1mm, which can be increased
to 5mm by introducing a first harmonic field bump near
the resonance crossing line νr = 1.0, with the precessional
extraction method.

Table 1: Overall parameters

Extraction energy 250 MeV
Ion source Internal cold cathode PIG source
Beam intensity ≈ 500nA
Emmittance 5πmm ·mrad
Injection / extraction field 2.45 / 3.1 T
Spiral angel (maximum) 66 degrees
Pole gap at hill 5 cm
Pole radius 84 cm
Total ampere turns 1.2MA · T
RF frequency 74MHz (harmonic mode=2)
Energy gain per turn ≈ 400keV
Extraction scheme Precessional extraction

3. Magnet design and tune optimization

3.1. Optimization of the flutter and the spiral angle
The magnet model built by TOSCA[6] is shown in Fig. 1.

Compared to room temperature magnet, the superconducting
coil induced field possesses dominant part, and the field flut-
ter contributed by pole hill and valley structure is much lower.
Since ν2z ≈ −k + F · (1+ 2 tan2 ζ), and the field index k = γ2 − 1
is pre-determined to maintain isochronous condition, a spiral
angle must be introduced to compensate the instability of −k.
For a given extraction energy γext, the maximum spiral angle

has a strong relation to the flutter at the extraction area. To re-
duce this spiral angle for achieving higher rf voltage, the flutter
is optimized by choosing a suitable ratio of hill / valley gaps.
Also, the coil field need be controlled to avoid decreasing the
flutter. Fig. 2 shows the optimization of the flutter and the final
flutter is beyond 0.05 for main acceleration area.
Normally ν2r ≈ 1 + k = γ2 is smoothly changed by beam

energy, but, to maintain a stable vertical tune, the spiral angle
need be adjusted along the radius. A python script was devel-
oped to modify the spiral angel in the tosca model, according
to the calculated tune variation. Finally, a well controlled tune
shift was obtained, as shown in Fig. 3.

3.2. Isochronous field shimming with trim rods
For cyclotrons with room-temperature magnet, the

isochronous field can be achieved by pole shaping precisely[7].
However, as addressed, the field component produced by the
superconducting coils and iron pole saturation makes pole
shaping not so efficient.
Two steps are used for field isochronism: 1) For meeting ini-

tial isochronous field condition, the hill pole width is increased
from the central region to the pole end, with an iterative process

Figure 1: Magnet model
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by evaluating the field generated by TOSCA model. As shown
in Fig. 4, the isochronous field error can be limited within 150
Gs. 2) Fine shimming by using trim rods. As shown in Fig. 5,
29 trim rods are located at the center line of the spiral pole,

2
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Field isochronism with trim rods
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Precessional extraction – beam centering by A.E.O

➡For high efficient resonant extraction, beams 
need be pre-centered using accelerating E.O.
➡To remove coherent oscillation effects
➡Turns are evenly spaced, before using the 

field bump

Gordan’s method1: Quasi-fixed center, (x,px) to 
be the same after one turn acceleration

x(E, �) = r(E, �)� re(E, �)
p
x

(E, �) = p
r

(E, �)� p
re

(E, �)

(re, pre) refers to coordinates in static 
equilibrium orbit

1M. M. Gordon, Single turn extraction, IEEE Trans. Nucl. Sci., 13 (4), 48-57

! !

210-230MeV, 0.6MeV/turn, (L)not centered; 
(R)centered
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Precessional extraction
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Summary (2)

• Demands for proton therapy and limited sites in China 
• Isochronous cyclotron is an optimum choice to provide cw beam for fast 

spot / line scanning with IMPT 
• 250 MeV / 500 nA Superconducting cyclotron is proposed in HUST; Proton 

therapy center, with two gantry rooms, planned in International Medical 

Center of HUST.
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Thanks for attention!


