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Abstract
High-energy proton microbeam facilities are powerful tools in space science, biology and cancer therapy studies. The primary 
limitations of the 50 MeV proton microbeam system are the poor beam quality provided by the cyclotron and the problem of 
intense scattering in the slit position. Here, we present an optical design for a cyclotron-based 50 MeV high-energy proton 
microbeam system with a micron-sized resolution. The microbeam system, which has an Oxford triplet lens configuration, 
has relatively small spherical aberrations and is insensitive to changes in the beam divergence angle and momentum spread. 
In addition, the energy filtration included in the system can reduce the beam momentum spread from 1 to 0.02%. The effects 
of lens parasitic aberrations and the lens fringe field on the beam spot resolution are also discussed. In addition, owing to the 
severe scattering of 50 MeV protons in slit materials, a slit system model based on the Geant4 toolkit enables the quantitative 
analysis of scattered protons and secondary particles. For the slit system settings under a 10-micron final beam spot, very 
few scattered protons can enter the quadrupole lens system and affect the focusing performance of the microbeam system, 
but the secondary radiation of neutrons and gamma rays generated at the collimation system should be considered for the 
50 MeV proton microbeam. These data demonstrate that a 50 MeV proton microbeam system with a micron-sized beam 
spot based on a cyclotron is feasible.
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1 Introduction

Astronauts and spacecraft are irradiated by high-energy 
particles from galactic cosmic radiation (GCR) and solar 
particles (SPs) during the exploration of the Moon, Mars 
and other asteroids, which could cause health damage to 
astronauts and increase the risk of spacecraft failure [1]. The 
lack of knowledge regarding the biological effects caused by 

space radiation and countermeasures for them is currently an 
important factor limiting the assessment of radiation risks in 
human space exploration [2]. Approximately 87% of GCR 
energetic particles outside the solar system are protons. The 
energy of these protons is sufficient to penetrate several 
centimeters of biological tissues and organic and inorganic 
materials, which means that, on average, a proton passes 
through every cell nucleus in an astronaut's body every few 
days during transit outside of low earth orbit (LEO) [3, 4]. 
In addition, SPs, which are unpredictable and intermittent, 
produce a high-density flux of protons with energies greater 
than 30 MeV, posing a challenge for spacecraft shielding 
and astronaut health protection [5]. Therefore, it is essential 
to conduct risk assessments of high-energy proton-induced 
irradiation effects in space environments for long-term 
manned space missions. The large range of 50 MeV pro-
tons in materials makes them ideal tools for irradiating liv-
ing samples in air to simulate low-dose high-energy proton 
environments in space. Consequently, a 50 MeV proton 
microbeam facility that can provide accurate irradiation at a 
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low dose level is an ideal platform for simulating the space 
radiation environment.

Proton microbeam facilities have been constantly devel-
oping since the first focused proton microbeam facility was 
built in the UK in 1968 [6]. To date, proton microbeam 
facilities have two main developmental directions: reduc-
ing the beam spot size and increasing the beam energy. A 
proton microbeam system with higher resolution can be 
used primarily for proton beam writing [7, 8] and material 
analysis, and can also be combined with targeted irradiation 
to achieve fixed-point quantitative irradiation of biological 
cells or animals [9–14]. With the help of a high-brightness 
ion source and an excellent accelerator, a beam spot size of 
20 nm has been achieved at the second-generation proton 
writing microbeam facility at the National University of Sin-
gapore [15]. In addition, higher-energy proton microbeam 
facilities are needed in studies on the simulation of space 
irradiation effects and the evaluation of the radiation resist-
ance of space devices, as well as studies on proton therapy 
that require quantitative targeted irradiation of cancer cells 
and organs [16–20].

In the coming decades, there will be demanding multi-
scale biomedical studies on low-dose high-energy proton 
radiation concerning risk assessment and radiation protec-
tion for planned projects of manned lunar base and Mars 
exploration. However, most proton microbeam facilities cur-
rently in operation have energies between 1 and 6 MeV [21]. 
In contrast, the world's highest energy proton microbeam 
system, which is based on the Munich tandem accelerator at 
SNAKE, Germany, has a maximum energy of 30 MeV [22]. 
Proton microbeam systems based on a tandem or electro-
static accelerator with higher energy have not been reported, 
which is explained by the following difficulties. First, as 
accelerator technology and the cost limit the development 
of higher-energy (> 30 MeV) tandem accelerators, high-
energy protons with energies higher than 30 MeV are usu-
ally provided by cyclotrons. For example, a 40 MeV proton 
microbeam system based on a cyclotron with a 10-μm beam 
diameter has been reported at the University of Manitoba 
Accelerator Laboratory [23]. Electrostatic accelerators can-
not afford proton beams of such high energy, whereas linear 
accelerators with high current have disadvantages in terms 
of high beam intensity on the microslit and a high yield of 
secondary radiation. Compared with the electrostatic accel-
erators and tandem accelerators commonly used in proton 
microbeam systems, cyclotrons provide poor beam quality; 
Furthermore, the beam emittance and momentum spread of 
cyclotrons, owing to the high-frequency waveform accel-
eration, are much larger (by approximately two orders of 
magnitude) than those of electrostatically accelerated beams. 
Second, higher-energy protons, such as those at 50 MeV, 
have a range of millimeters in common slit materials such 
as tungsten carbide and even centimeters in water, whereas 

protons with energies of 3 MeV only have ranges of tens of 
microns in these materials. The transparent zone induced 
by beam scattering at the microslit edge for higher-energy 
protons is much larger than the object slit opening. A large 
number of scattered particles with large divergence angles 
and momentum spread are not favorable for focusing the 
microslit-collimated beam onto a micron-sized beam spot.

Therefore, because of the above difficulties of a high-
energy microbeam system based on a cyclotron, it is neces-
sary to effectively eliminate the scattered particles generated 
in the slit system and to rationally select the focusing lens 
configuration. In the PTB microbeam facility, a 90° bending 
magnet was placed behind the beam defining slits to separate 
the unscattered and scattered particles [10]. In the IMP-Lan-
zhou microbeam facility, based on a cyclotron complex, a 
symmetrically achromatic system composed of two identical 
45° bending magnets and a quadrupole magnet in between, 
and a slit situated before the second 45° bending magnet 
that can be used for energy analysis, was used to deflect the 
ion beam downward to a quadrupole–triplet focusing system 
[24, 25]. The deflected beamline structure provided a pure 
ion beam, which was delivered to the experimental termi-
nal in a limited space. In the SNAKE microbeam system, 
a 30-m-long beamline (from the object slits to the focus-
ing lens) was used to minimize the effects of slit scattering 
and secondary radiation at the terminal [26]. In the QST-
Takasaki microbeam system based on an AVF cyclotron, 
the Russian quadruplet configuration with small chromatic 
aberrations was chosen, and a flattop acceleration technique 
was introduced to minimize the beam energy spread [27].

To provide a radiation platform for ground-based studies 
related to the Chinese manned lunar project, a high-energy 
microbeam system based on a 50 MeV proton cyclotron is 
proposed. In this work, we first studied the beam optics of 
a microbeam facility with an Oxford triplet lens system and 
analyzed the stability of this system to changes in the diver-
gence angle and momentum spread. We then simulated the 
beam momentum spread filtering ability of the energy col-
limator in this microbeam system and analyzed the effects 
of quadrupole lens parasitic aberrations and lens fringe field. 
Finally, a slit system model was established using the Geant4 
toolkit, and the scattering of protons at the slit in this system 
was evaluated.

2  Design of the 50 MeV proton microbeam 
system

Radiation effect studies in space science and biology require 
living biological samples to be irradiated in the atmosphere 
with a precise number of protons targeting a micron-sized 
area, and a vertical beam line is preferred for irradiating 
samples kept in a liquid medium. However, only cyclotrons 
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or linear accelerators are capable of producing high-energy 
protons with energies above 50 MeV, whose energy spread 
is one to three orders of magnitude worse than that of elec-
trostatic accelerators owing to their technical design. The 
magnetic rigidity of the 50 MeV proton is 1.06 T∙m, which 
is about four times higher than that of most proton micro-
beams. To achieve the radiation parameters required to 
explore the scientific questions in space radiation research, 
we introduced a high-energy proton microbeam system 
based on the proton cyclotron built by the China Institute 
of Atomic Energy, which can deliver protons ranging from 
30 to 50 MeV.

A schematic of the 50 MeV proton microbeam system 
is shown in Fig. 1. The main beam is transported through 
the achromatic beam optics and waist–waist transfer from 
the front beamline and forms a beam waist in both direc-
tions at the entrance collimator of the microbeam beamline. 
The microbeam system consists of three main parts. First, a 
90-degree bending magnet is used to deflect the beam direc-
tion from horizontal to vertically upward, which is benefi-
cial for irradiating biological samples, and its edge angle 
can provide weak focusing in the horizontal direction of the 
beam, thus increasing the beam transport efficiency at the 
object microslit. The second part is a slit system composed 
of an object slit and a divergence defining slit, which defines 
the acceptance of the microbeam system and allows very 
few protons to enter the focusing magnets. The third part is 
an Oxford triplet lens system, which is widely used in many 
microbeam facilities and can focus the ion beam to form a 
microscale probe on the target; this is the core of the micro-
beam system [28]. In addition, the beam envelope of the 
Oxford triplet lens system for a 50 MeV proton microbeam 
system, simulated using WinTRAX, is shown in Fig. 2. It 
represents the trajectory of particles in the direction of beam 

transmission in the 50 MeV proton microbeam line. The 
transfer efficiency of the microbeam line is 2.5 ×  10−6 in the 
10-μm slit settings. 

According to the construction of the 50 MeV proton 
cyclotron laboratory, the free space for the establishment of 
the proton microbeam is approximately 7 m high in the ver-
tical direction. Based on the beam quality of the cyclotron 
accelerator, the Oxford triplet lens system, which has low 
aberration coefficients, is preferred for focusing ion beams 
with large divergence angles and energy spreads. As shown 
in Fig. 1, the 90° bending magnet has a bending radius of 
0.74 m and an edge angle of 27°; each quadrupole lens of 
the focusing triplet lens system is designed with an effective 
length of 10 cm, a bore diameter of 15 mm and a maximum 
pole-tip field of 0.9 T. Furthermore, the distance between 
the centers of adjacent lenses is 20 cm, which can provide 
sufficient focusing force for the 50 MeV proton beam. The 
collimator–dipole magnet–object system functions as an 
energy refiner that can define a beam with a given energy 
and restrict the energy spread by the collimator/slit opening. 
In addition, after the beam energy is filtered at the object slit 
position, the beam intensity is reduced by four to five orders 
of magnitude, so that the beam current after the object slit is 
only on the order of fA; therefore, we only need to consider 
the radiation protection shield at the object slit position.

3  Beam optics of 50 MeV proton microbeam 
system

3.1  Beam optics and ray tracing

The ion beam optical parameters of this microbeam sys-
tem were calculated using WinTRAX [29], Zgoubi [30, 31] 

Fig. 1  Scheme of the 50 MeV proton microbeam system
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and PRAM [32]. These software packages are commonly 
used in the microbeam community. Protons with energies of 
50 MeV are used as examples in the following calculations. 
Without additional explanation, all subsequent simulations 
and analyses began with the beam at the object slit in the 
microbeam system. Table 1 lists the beam optical param-
eters of the microbeam system with the Oxford triplet lens 
configuration. At the object slit, we take a set of Cartesian 
coordinates; the positive z-axis coincides with the direction 
of the beam motion, the x-axis is defined as horizontal, and 

the y-axis is defined as vertical. When the lens was perfectly 
aligned, the lens axes coincided with the z-axis, and the 
antisymmetric planes coincided with the xz and yz planes.

We then studied the aberration in this probe-forming 
system to examine the robustness and tolerance according 
to the beam parameters and related factors. In most micro-
beam systems, the ion beam is focused using a combina-
tion of magnetic quadrupole lenses. A quadrupole lens is 
described as converging, “C,” if a particle moving in the 
xz plane is deflected toward the axis, and diverging, “D,” 

Fig. 2  (Color online) Beam envelope of the 50 MeV proton microbeam system

Table 1  Beam optical 
parameters for triplet lens 
configuration were calculated 
by WinTRAX

Factor Oxford triplet

Demagnification factor
 Dx − 11.12
 Dy 36.15

Chromatic aberration coefficients (μm/mrad%)
 <x/θδ> 460.87
 <y/φδ> − 184.77

Spherical aberration coefficients (μm/mrad3)
 <x/θ3> − 28.74
 <x/θφ2> − 25.5
 <y/φ3> 10.56
 <y/θ2φ> 7.87
 α  (rad2/m2) 0.47
 Q  (mrad2/μm2/3) 64

Excitation of the 1st and 2nd lenses (T) 0.627
Excitation of the 3rd lens (T) 0.747
Slit parameters with 10-μm final beam diameter (μm2  mrad2) 110 × 0.2 × 360 × 0.4 = 3168
Slit parameters with 1-μm final beam diameter (μm2  mrad2) 10 × 0.04 × 36 × 0.04 = 0.576
Momentum spread (%) 0.02
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if the particle is deflected away from the axis. Considering 
the beamline arrangement and microbeam adjustability, the 
triplet configuration was designed with a  D1C1D2 structure. 
Having the same numerical subscript indicates that the two 
magnetic lenses are coupled to the same power supply. For 
a focusing microbeam system, the position change of an ion 
from the object plane to the image plane can be expressed 
by Eq. (1) [32]:

where (x0, θ0, y0, φ0) represent the position and divergence 
angle of the initial beam in the object plane defined by a slit 
system consisting of an object slit and a divergence defining 
slit, δ0 is the particle momentum spread relative to the beam 
mean momentum, and xi and yi represent the ion position at 
the image plane. The demagnification factor of the micro-
beam system is defined as Dx = <x/x>−1, Dy = <y/y>−1, <x/
θ> and <y/φ> are the astigmatism coefficients (in a well-
focused microbeam system, the astigmatism coefficients 
are zero), <x/θδ> and <y/φδ> are the chromatic aberration 
coefficients, and <x/θ3> , <x/θφ2> , <y/φ3> and <y/θ2φ> are 
the spherical aberration coefficients. The factors α and Q, 
which represent the image sharpness of the focused beam 
object, are used to judge the performance of microbeam sys-
tems [33, 34].

Generally, larger values of α and Q for a microbeam sys-
tem indicate superior performance. From the beam optical 
parameters of this system and the given beam parameters, 
spherical aberrations are nearly one-tenth of the chromatic 
aberrations for beam parameters of 10-micron and 1-micron 
final beam spots, indicating that the chromatic aberrations 
are the dominant aberrations. Therefore, the α factor is more 
suitable for describing the performance of this system. In 
addition, two sets of slit parameters and momentum spread 
of the microbeam system, defined as x0·θ0·y0·φ0, were cal-
culated for beam spots with diameters of 10 µm and 1 µm 
on the target, respectively. As shown in Table 1, compared 
to most other microbeam systems, this system has relatively 
small demagnification factors in both directions. This is a 
consequence of the short object distance of the system, and 
the main reason is the high magnetic rigidity of 50 MeV pro-
tons limits the use of high-demagnification and high-excita-
tion lens configuration. In addition, spherical aberrations of 
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this system can be ignored when the initial beam divergence 
angles are less than 0.1 mrad, and chromatic aberrations are 
the main factors affecting the final beam spot size. It is worth 
noting that although the primary beam has a momentum 
spread of 1%, the dipole magnet and collimator–slit combi-
nation resulted in a momentum spread of only 0.02% within 
the beam entering the focusing quadrupole magnets, at the 
cost of intensity reduction.

The remainder of this paper analyzes the beam spot dis-
tribution in the phase space according to the characteristics 
of the Oxford triplet lens system, with final beam diameters 
of 10 μm (object slit 110 μm × 360 μm, divergence defining 
slit 0.2 mrad × 0.4 mrad (660 μm × 1320 μm), full width if 
not specified) and 1 μm (object slit 10 μm × 36 μm, diver-
gence slit 0.04 mrad × 0.04 mrad (132 μm × 132 μm)), and 
a beam momentum spread of 0.02% (full width). As shown 
in Fig. 3, ray tracing was performed with 10,000 particles 
starting from the object slit with the triplet lens system using 
Zgoubi. Figure 3 shows the distribution of 10,000 particles 
in the phase space for the two different slit parameters on the 
target, as well as the variation in the final beam density along 
the x and y directions. It can be seen that these particles 
are evenly distributed in the phase space without significant 
distortion, thanks to the small aberration coefficients of this 
system.

3.2  Intrinsic aberrations

Intrinsic aberrations are aberrations determined by the struc-
tural design of the quadrupole lens system, mainly including 
chromatic and spherical aberration terms. Intrinsic aberra-
tions induce blur and deformation of the beam spot from 
the ideal image of the object; they exist in the case of ideal 
processing of the lens and need to be minimized in the beam 
optical design. To examine the tolerance of the final beam 
size to the change of the divergence angle in both directions 
and momentum spread, the beam spot size with different 
inputs (mainly toward the larger beam spot) was calculated 
using Zgoubi for both the 10-micron and 1-micron solutions. 
The divergence angles θ0 in the x direction and φ0 in the y 
direction (from 0.05 to 0.6 mrad, FWHM) were adjusted 
by the divergence defining slit opening while the object slit 
remained, and the momentum spread δ0 varied from 0.01 to 
0.1% (FWHM). Figure 4 shows the beam spot size change 
at the image plane as a function of the divergence angle θ0, 
φ0 and momentum spread δ0 for our triplet lens system. The 
data points marked with stars in the figure represent the cal-
culations using the designed input given in Table 1. In each 
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illustration, only the given parameter was varied, whereas 
the other parameters remained at the designed values.

The spherical and chromatic aberrations depend on the 
beam divergence angle and momentum spread, which can 

be defined by the slit and bending system. With the given 
slit setting and the beam parameters (θ0 and φ0 at the level 
of 0.2 mrad and δ0 of about 0.02%), the data in Fig. 4 dem-
onstrate that the beam spot size is mainly influenced by the 

Fig. 3  (Color online) Spatial and phase-space distributions of pro-
tons and proton density change in the x and y directions at the focused 
image plane, ray-traced with 10,000 protons. The beam spots at the 

image plane are 10 μm × 10 μm (a–c) and 1 μm × 1 μm (d–f). Param-
eters are given in Table 1

Fig. 4  Microbeam spot size depends on divergence angle θ0, φ0 and momentum spread δ0 for the triplet lens system
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chromatic aberrations. The chromatic and spherical aber-
ration coefficients in the x direction for the Oxford triplet 
lens system are larger than those in the y direction, so they 
are more sensitive to changes in the divergence angle and 
momentum spread in the x direction.

The low aberration coefficients of the Oxford triplet lens 
system results in a relatively small increase in the final beam 
spot size relative to the increase in the divergence angle. For 
example, in the 10-micron solution, the increase in the diver-
gence angle θ0 from 0.1 to 0.4 mrad results in an increase of 
0.92 µm for the final beam spot size (Fig. 4a), whereas the 
increase in φ0 from 0.1 to 0.4 mrad results in an increase 
of 0.22 µm (Fig. 4b), and the increase in the momentum 
spread δ0 from 0.01 to 0.05% results in an increase of 
0.68 µm (Fig. 4c). For the 1-micron solution, the increase in 
the divergence angle θ0 from 0.02 to 0.1 mrad results in an 
increase of 0.23 µm for the final beam spot size (Fig. 4d), the 
increase in φ0 from 0.02 to 0.1 mrad results in an increase of 
0.04 µm (Fig. 4e), and the increase in the momentum spread 
δ0 from 0.01 to 0.05% results in an increase of 0.23 µm 
(Fig. 4f). These plots demonstrate that this system is not 
sensitive to changes in the divergence angle and momentum 
spread within a particular range, indicating that our triplet 
lens systems with low aberration coefficients are suitable 
for focusing an ion beam with a large divergence angle and 
momentum spread.

3.3  Energy filtration

The combination of a bending magnet and a slit can filter 
the momentum spread of the particles [35]. Considering the 
large energy spread of the 50 MeV cyclotron proton beam, 
a 90-degree bending magnet together with a slit system was 
included in this microbeam system, and the energy collima-
tion function was simulated using Zgoubi. It is assumed that 
the initial beam parameters before the 90-degree bending 

magnet were x = y = 0.1 mm, θ = φ = 1 mrad and δ0 = 1% (full 
width), and 400,000 protons were traced in the Oxford triplet 
lens system with initial beam parameters for the 10-µm beam 
spot. As shown in Fig. 5, only approximately 136 protons 
reached the target. It can be seen that the sizes of these pro-
tons in both the x and y directions are within 10 microns, and 
the plot of the momentum of these protons shows that the 
momentum spread of the focused protons is within 0.015%, 
which demonstrates the momentum filtering ability of the 
energy collimator. However, considering the high penetra-
tion depth of the 50 MeV protons in the slit material, the 
actual effect of the energy collimator requires further study, 
so δ0 = 0.02% is chosen as a conservative estimate here.

3.4  Parasitic aberrations

Parasitic aberrations are mainly caused by the misalign-
ment of the lens and can be reduced by fine installation and 
collimation of the lens. Parasitic aberrations include rota-
tional, displacement and power ripple (magnetic excitation) 
aberrations. Figure 6 shows the geometrical aberrations 
applied to a quadrupole lens with the number n [32]. The 
main parasitic aberration coefficients of each quadrupole 
lens in the microbeam system are listed in Table 2, in which 
the index represents the number of quadrupole lenses, U 
represents lens translation (μm) along the x-axis, V repre-
sents lens translation (μm) along the y-axis, ρ represents 
lens rotation (mrad) around the beam axis and ε represents 
the power supply ripple (%) of the lens. (Lenses 1 and 2 
are coupled to a power supply.) The last column shows the 
lens translation and rotation and power supply ripple preci-
sion required to keep the corresponding displacement of the 
beam spot on the target to less than 1 μm. The calculated 
results of PRAM and WinTRAX were very consistent and 
comparable to those of previous microbeam systems [36]. 
As some of the parasitic aberration coefficients are related 

Fig. 5  Ray tracing of 400,000 particles starting before the 90-degree bending magnet. Object slit size (full width): 110 μm × 360 μm; divergence 
defining slit (full width): 0.2 mrad × 0.4 mrad (660 μm × 1320 μm)
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to the initial divergence angle of the beam, the initial diver-
gence angles were assumed to be 0.2 mrad in the x direction 
and 0.4 mrad in the y direction, the same as in Table 1. The 
maximum quadrupole lens rotation angle and translation 
were less than 0.058 mrad and 0.14 µm, respectively. The 
maximum excitation deviation for a beam spot size increase 
of less than 1 µm requires the power supply ripple to be 
less than 0.009% (90 ppm), and such high-precision power 
supplies are now available on the market. The translation 
aberrations <x/U> and <y/V> have no effect on the image 
size and simply cause a displacement of the beam spot on 
the target [36]. For rotation aberrations, assuming an outer 
diameter of 300 mm for the lens, the rotation misalignment 
must be less than 8.7 μm, which is a challenge for magnet 

installation and correction. It can be seen that the rotation 
aberrations are proportion to the divergence angles θ and φ, 
so the effect of rotation aberrations on the beam spot can be 
improved by reducing the divergence angle at the expense 
of loss of beam current for high-resolution beam spots. In 
addition, the rotation aberration components of the lens can 
be effectively eliminated by finely adjusting the lens when 
the beam is online after the system is installed. 

3.5  Fringe field model

The focusing properties of a quadrupole lens are determined 
by the distribution of its magnetic field along the longitudi-
nal coordinate z. Real quadrupole lenses have fringe fields, 
whereas an ideal rectangular model (curve 1 in Fig. 7a) 
is used in the above calculations. The longitudinal fringe 
field profile will generally differ for each quadrupole lens. 
The following equation has been proposed to describe the 
magnetic field distribution of the lens along the longitudinal 
coordinate z [29] [37]:

where

Here, z is the direction of the beam axis, z0 is the length 
of the uniform field region, and r is the radius at the pole 
tip. G0 is the magnetic field gradient of the lens. By chang-
ing the values of c0 through c5, we obtained changes in the 
beam optical parameters for different fringe field models. 
As shown in Fig. 7, the existence of different fringe fields 
induces an increase in the spherical aberration coefficients 
of the beam optical parameters. Although a slight deviation 

(4)G(z) = G0f (z),

f (z) =
1 + ec0

1 + eP(s)
,P(s) = c0 + c1s + c2s

2 + c3s
3 +⋯ , s =

||z − z0
||

r

Fig. 6  Description of the mis-
alignment parameters applied 
to quadrupole number n in the 
calculation of the parasitic coef-
ficients

Table 2  List of dominant parasitic aberration coefficients calculated 
using PRAM and WinTRAX

Parasitic aberrations PRAM WinTRAX Precise

Translation aberrations <x/U1> 3.145 3.178 0.315 μm
<x/U2> − 7.069 − 7.036 0.142 μm
<x/U3> 2.736 2.769 0.361 μm
<y/V1> 0.720 0.748 1.337 μm
<y/V2> 0.323 0.353 2.833 μm
<y/V3> − 2.103 − 2.074 0.482 μm

Rotation aberrations <x/φρ1> 21.014 21.019 0.119 mrad
<x/φρ2> 22.055 22.052 0.113 mrad
<x/φρ3> − 43.069 − 43.067 0.058 mrad
<y/θρ1> − 6.479 − 6.470 0.773 mrad
<y/θρ2> − 6.800 − 6.808 0.734 mrad
<y/θρ3> 13.273 13.282 0.376 mrad

Excitation aberrations <x/θε1> − 544.72 − 542.69 0.009%
<x/θε2> 93.256 93.222 0.054%
<y/φε1> 18.144 18.232 0.137%
<y/φε2> 161.82 161.92 0.015%
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from the ideal magnet (curve 2 vs curve 1) causes dramatic 
effects, in which the <x/θ3> coefficient increases from 28 to 
113, further deviation does not greatly increase the spheri-
cal aberration coefficients (Fig. 7b). Despite the increase in 
the spherical aberrations, our further simulation showed that 
for different fringe field models, the final beam spot size did 
not change significantly. For a quadrupole lens with a length 
of 10 cm and a pole gap of 1.5 cm, the ratio of the length 
to the bore radius is much larger than 1. Therefore, its real 
magnetic field distribution is closer to the magnetic field 
distribution under the rectangular model.

4  Technical challenges

The high energy of the 50 MeV proton facilitates the irradia-
tion of large samples with the benefit of having a long range 
for the target. However, this induces several challenges in the 
production of a clean microbeam resulting from scattering, 
secondary particles and radiation protection.

The main function of the slit in the microbeam system is 
to reduce the size of the beam object and define the beam 
divergence angle. This means that many secondary particles 
and scattered ions are produced by the collimation of the 
slit edge, particularly for high-energy beams. These scat-
tered ions entering the lens system with large energy loss 
can affect the focusing performance of the microbeam sys-
tem. Compared with the present microbeam facility with 
the highest ion energy (80.5 MeV/u 12C6+) [38, 39], the 
SRIM simulation shows that the 50 MeV proton has an even 
longer range and worse scattering in the microslit made of 
WC + 8%Co (tungsten carbide, density 15.09 g/cm3) [40]. 
As shown in Fig. 8, the range and lateral projective range 
of 50 MeV protons in WC material are 2.95 ± 0.14 mm and 
0.19 ± 0.26 mm, whereas 80.5 MeV/u 12C6+ ions have a 

range of 2.44 ± 0.05 mm and a lateral projective range of 
0.04 ± 0.06 mm. These data suggest that the scattering area 
of 50 MeV protons in the slit material is much larger and 
that the slit scattering problem is more serious.

To investigate the influence of ion scattering at the slit 
system, the production and transportation of the scattered 
protons and secondary particles were studied using Geant4 
simulations [41]. The slit system model was composed 
of a piece of solid cubic WC + 8%Co with a thickness of 
3 mm; the slit consisted of four pieces of WC material with 
rectangular edges arranged in sequence, and the distance 
between the object slit and the divergence defining slit was 
3.3 m. A data collection surface of 3 mm × 3 mm square was 
placed behind the second divergence defining slit to collect 
the information of particles that can pass through the slit 
system. The physics model in Geant4 was QGSP_BIC. Two 
different slit system parameters were selected for simulation: 
a large slit system setting with 110 μm × 0.2 mrad in the x 
direction and 360 μm × 0.4 mrad in the y direction (1) for a 
10-μm final beam spot and a small slit system setting with 
10 μm × 0.04 mrad in the x direction and 36 μm × 0.04 mrad 
in the y direction (2) for a 1-μm final beam spot. Finally, the 
momentum spread of the proton beam was 0.02% in the two 
slit system parameters. Using the two slit system settings, 
the transfer efficiency and proportion of scattered protons 
and secondary particles through the slit system were quan-
titatively analyzed.

Then, an incident beam of  106 protons with a diameter of 
1 mm and a divergence angle of 1 mrad in both directions 
was shot into the slit system, as shown in Fig. 9a. With the 
detector behind the divergence slit, the intact proton beams, 
scattered protons and secondary particles were collected at 
different incident proton energies, as shown in Fig. 9b. The 
Geant4 simulations showed that the number of secondary 
particles and scattered protons increased with the proton 

Fig. 7  (Color online) a Different fringe field models of quadrupole 
lens; b spherical aberration coefficients for different fringe field 
models with the Oxford triplet lens system. 1—Rectangular model; 

2—c0 = −  6.0, c1 = 20, c2–c5 = 0; 3—c0 = −  6.0, c1 = 3.5, c2–c5 = 0; 
4—c0 = − 6.0, c1 = 2.0, c2–c5 = 0; 5—c0 = − 6.0, c1 = 1.2, c2–c5 = 0
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energy, whereas the number of unscattered protons remained 
nearly unchanged. For example, when the incident proton 
energy was 3 MeV, the yield of scattered protons and sec-
ondary particles was less than  10−6, and their proportion 
increased as the incident proton energy increased. When the 
incident proton energy reached 50 MeV, the proportion of 
scattered protons and secondary particles collected exceeded 
10%. This means that the higher the energy of the protons, 
the more scattered the protons produced at the slit loca-
tion. As shown in Fig. 9c, with the slit setting for the 10-μm 
microbeam spot given in Table 1, the proportion of scattered 
protons reached 12.3% for the 50 MeV protons and increased 
to 47.3% with the slit setting for the 1-μm microbeam spot. 
These data show that the effect of scattered protons is less 
significant for the slit setting of the 10-μm microbeam spot, 
whereas the percentage of scattered protons is too high for 
the 1-μm slit setting, which will affect the focusing perfor-
mance of the quadrupole lens group.

The energy information of the passed protons was then 
analyzed, as shown in Fig. 9d. The energies of most of 
the scattered protons were much lower than 50 MeV. This 

indicates that most of the scattered protons underwent 
multiple scattering in the slit system; therefore, most of 
them would have a large divergence angle and be blocked 
by the subsequent beamline tube. To verify the above 
hypothesis, the data collection surface was placed at the 
entrance of the quadrupole lens group, as shown in Fig. 1, 
which was 0.5 m behind the divergence slit. The yield of 
scattered protons and secondary particles was drastically 
reduced, as shown in Fig. 9e. For the 10-μm slit setting, 
only 0.7% of the scattered protons were collected, and for 
the 1-μm slit setting, the proportion was approximately 
12.6%. In addition, according to the SRIM simulation, the 
maximum scattering angle of the 50 MeV protons col-
lected after passing through the 3-mm-thick tungsten car-
bide slit was approximately 3.23 mrad. The inner diameter 
of the beam tube between the two slits was designed to be 
60 mm, which was much larger than the opening size of 
the divergence defining slit. The minimum angle required 
for a scattered proton produced in the object slit to be 
able to interact with the beam tube was approximately 
9 mrad, which means that the majority of the scattered 

Fig. 8  Trajectories of 80.5 MeV/u 12C6+ and 50 MeV proton in tungsten carbide were simulated by SRIM
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protons could not interact with the beam tube. Moreover, 
the beam current before the object slit was on the order 
of nanoamperes; therefore, the beam tube could only con-
tribute countable secondary particles that could enter the 
lens group. Consequently, very few scattered protons and 

secondary particles could actually enter the quadrupole 
lens group.

In a typical microbeam system, the main beam from 
the accelerator is collimated and lost in the slit system. 
The Geant4 calculation in Fig. 9b indicates that for most 

Fig. 9  (Color online) a Slit model in the microbeam system; b 
detected particles at different incident proton energies, where the 
slit system setting is 110  μm × 0.2  mrad in the x direction and 
360  μm × 0.4  mrad in the y direction; c detected particles with two 
slit system settings of 110  μm × 0.2  mrad in the x direction and 
360  μm × 0.4  mrad in the y direction (1) and 10  μm × 0.04  mrad 

in the x direction and 36  μm × 0.04  mrad in the y direction (2); d 
energy spectrum of the transmitted protons with the slit setting of 
110  μm × 0.2  mrad in the x direction and 360  μm × 0.4  mrad in the 
y direction, where the incident proton energy is 50 MeV; e detected 
particles with two slit system settings, where the data collection sur-
face is 0.5 m behind the divergence slit



 H.-J. Mou et al.

1 3

92 Page 12 of 14

microbeams with proton energies below 3 MeV, there are 
no detectable radiation particles such as neutrons, gamma 
rays and electrons. To investigate the radiation protection of 
50 MeV protons at the slit location, a target model was built 
using the Geant4 toolkit. In this model,  106 ions were used 
as the incident ion beam, with two different ions: 50 MeV 
protons and 80.5 MeV/u 12C6+. The initial beam diameter 
was the same as in the previous simulation in Fig. 9. The 
target material was a piece of WC + 8%Co with a thickness 
of 3 mm. In contrast to the many types of secondary particles 
collected for 80.5 MeV/u 12C6+, only five types of secondary 
particles were obtained on the data collection surface for the 
50 MeV protons, as shown in Fig. 10. The yields of gamma 
rays and neutrons were relatively high at approximately 
 10−2. However, with the energy filtration system combined 
with the bending magnet, most of the secondary radiation 
produced at the main beam loss point (the collimator at the 
horizontal beamline) could not reach the Oxford triplet lens 
system, keeping the microbeam target surroundings radia-
tion-clean and user-friendly.

High energy is particularly advantageous for the 50 MeV 
proton microbeam system, but serious scattering at the slit 
position and poor beam quality of the 50 MeV proton beam 
must be considered. The Oxford triplet lens configuration 
with low aberrations for large beam divergence acceptance is 
suitable for cyclotron microbeams. Compared with previous 
bending microbeam systems, this microbeam has few tun-
able magnets (mainly the 90° bending magnet and the cou-
pled triplet) that need to be adjusted to obtain a micron-sized 
beam spot; thus, it is easy to manipulate and user-friendly 
for trained radiobiologists. According to the simulations, the 
transfer efficiency of the microbeam system in the 10-μm slit 
settings is 2.5 ×  10−6; to achieve more than 30,000 protons 
per second in the 10-μm final beam spot size, a beam inten-
sity of 1.92 nA after the 1 mm hole collimator is required, 
which is about one-tenth of the value that a cyclotron can 
provide. This 50 MeV proton microbeam system will enable 

the study of the low-dose effect of biological sample irra-
diation and the radiation resistance of space devices with 
micron-sized precision.

5  Conclusion

In summary, the beam optics design of a microbeam system 
with micron-sized resolution based on a cyclotron capable 
of delivering 50 MeV protons was investigated in this study. 
The beam optical parameters of an Oxford triplet lens system 
were calculated using WinTRAX and Zgoubi. Because of 
the small aberration coefficients of the Oxford triplet lens 
configuration, the final beam spot size was insensitive to 
changes in the divergence angle and momentum spread. In 
addition, the energy collimator of a 90-degree bending mag-
net and slit system enable the filtering of the momentum 
spread of the ions. The parasitic aberration coefficients and 
fringe fields of the quadrupole lens were calculated to evalu-
ate the stability of the final beam spot size. To minimize 
distortion and increase the final beam spot size, the power 
supply ripple of the triplet lens should be less than 9 ×  10−5, 
and the final spot size does not change greatly in the pres-
ence of the lens fringe field. The scattering of 50 MeV pro-
tons in a slit system has also been studied. According to 
the simulation, the proportion of scattered protons that can 
enter the quadrupole lens group is acceptable because the 
energies of most of the scattered protons are much lower 
than 50 MeV. For radiation protection of the 50 MeV pro-
ton microbeam system, the shielding of neutrons, gamma 
rays and electrons must be considered at the slit location. 
Therefore, a 50 MeV proton microbeam system based on a 
cyclotron with a micron-sized beam spot is feasible.
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