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In proton radiotherapy, a round dose proﬁle at the isocenter is beneﬁcial to the treatment planning in the
active scanning mode. Based on the theory of the round-beam method, a collimator was designed to be
placed at the entrance of the gantry. A simulation of Monte Carlo method was done to validate the
design scheme. With the constraining function of the collimator, the dose proﬁle at the isocenter would
maintain a round shape despite of an initial asymmetric phase space in extraction of synchrotron.
Furthermore, the shape of dose proﬁle is irrelevant to the rotating angle of the gantry. The mechanical
error caused by the axis deviation of the gantry could also be partly eliminated with the collimator.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
A new proton therapy facility is under construction in Shanghai, China. After accelerated to 7 MeV in the linac, a proton beam
ramps up to 70–235 MeV in the synchrotron. Then it is slowextracted and allocated to an ocular room, a ﬁx-beam room and
a gantry room separately under the arrangement. The active
scanning mode [1] is utilized in the ﬁx-beam room and the
gantry room.
In order to reduce proximal dose and to protect critical organs,
certain tumors are irradiated from different angles according to
prescription. Therefore, a gantry is required to be mounted along
the high-energy transfer line of the accelerator. A rotationally
symmetric phase space distribution of the extracted proton beam
is beneﬁcial to maintain a uniform beam shape at the isocenter
with different gantry angles [2]. However, this could hardly be
achieved in the case of synchrotrons.
Since the proton beam is resonant-extracted from the synchrotrons, the phase space of the beam is asymmetric in the two
transverse planes [3,4]. Furthermore, the phase space in one
transverse plane would be easily coupled to the other transverse
plane due to rotation of the gantry, as illustrated in Fig. 1. Therefore, the shape of beam spot in tumor would depend heavily
the angle of the gantry, which causes a big trouble in the
treatment planning.
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How to match the ﬁxed beam line to the rotating gantry and to
make the shape of the beam spot at the isocenter not affected by
rotation of the gantry becomes a key problem. Three matching
methods were proposed to solve the problem in [3], which are the
symmetric-beam method, the round-beam method and the rotator method.
In order to utilize the ﬁrst method, a completely symmetric
beam is required at the entrance of the gantry, which means that
the beam has equal emittances in two transverse planes [3]. The
method is naturally suitable for cyclotron-based facilities. In
synchrotron-based facilities, a thin scatter [5] or several solenoids
[6,7] located in ﬁxed beam line are utilized to construct symmetric
phase spaces out of asymmetric ones. In the round-beam method,
the stringent requirements in the symmetric-beam method are
weakened. A round beam in real space at the entrance of the
gantry would keep its symmetry at the isocenter with proper
design of gantry optics. As mentioned in [8], a symmetric beam in
momentum space is functionally equivalent. However, a steering
magnet per plane is requested to be installed in front of the gantry
to correct the incoming beam to be parallel along the optical axis
of the possibly misaligned gantry [8]. In the rotator method, a
section of quadrupole lattice, namely the rotator, should be well
designed and installed upstream of the gantry. With phase advances of 2π and π in transverse planes, the module has to be
rotated by half of the gantry angle [3]. This method has no
restrictions on the beam symmetry, but additional mechanical
structure increases the length of the ﬁxed beam line.
In the paper, we designed a collimator at the interface between
the ﬁxed transfer line and the rotating gantry. The collimator
prevents protons traveling outside the round aperture and forms a
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Fig. 1. A rotating gantry.

symmetric beam shape at the entrance of gantry. Based on the
round-beam method [3], we will get a round spot at the isocenter
as long as components of beam optics in the gantry are arranged
properly. The round collimator can also be used to make corrections for the axis deviation of gantry.
Fig. 2. A collimator to constrain the beam in real space.

2. Material and methods
2.1. Round-beam method
A round-beam method makes use of the telescope structure
and gives constant magniﬁcation of the betatron amplitude functions. The gantry should have multiple-of-π phase advances and
achromatic structures in both of the transverse planes. The beam
mapped to the isocenter maintains original round shape, regardless of the gantry's rotation angle. [3].
In order to utilize the method, the proton beam at the entrance
of the gantry should have a round shape in real space, which
means Exβx ¼Ezβz with Gaussian or Kapchinskij–Vladimirskij distribution. The deﬁnition of the coordinate system follows the
regulations in [3], x is directed radially outwards in the anticlockwise ring of synchrotron, and z is the vertical coordinate.
Ex and Ez are the statistical emittances in the x-plane and the zplane. βx and βz, which are from the Courant and Snyder parameters, represent the betatron functions in the x-plane and the zplane. The beam should also have a zero dispersion, which means
Dx ¼Dz ¼0 and Dx' ¼Dz'¼0. Dx and Dz are the dispersion functions
in the x-plane and the z-plane. Dx' ¼dDx/ds and Dz' ¼dDz/ds are
differentiation of the dispersion functions with respect to the
longitudinal displacement s.
In the paper, a collimator with the inner radius R is positioned
at the entrance of the gantry to form a round shape of the proton
beam. Only particles which meet the demand of x2 þz2 oR2 could
travel through the collimator. As shown in Fig. 2, the collimator is
in the shape of a cylinder and has a round aperture in the center.
The material of the collimator is copper. The inner and outer radii
of the collimator are 2.5 mm and 200 mm respectively. The
thickness of the collimator is 100 mm.

2.2. Structure of the gantry and the treatment head
The gantry's layout is illustrated in Fig. 3. The components with
color green, purple and black are dipole, quadrupole and correcting magnets respectively. The blue ones are proﬁle monitors. The
red one is the collimator. Based on the round-beam method,
telescope structure applies to match the beam to the isocenter.
The gantry could rotate in the range of 1801, and the resolution of
the rotating angle is 0.11.
As shown in Fig. 1, the angle between the horizontal accelerator
plane and the gantry plane is υ. Therefore, the coordinate

Fig. 3. Layout of gantry. (For interpretation of the references to color in this ﬁgure,
the reader is referred to the web version of this article.)

transformation from ﬁxed transfer line to the entrance of gantry is
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The vector [x x' z z'] is the phase space in the coordinate system
of the ﬁxed transfer line, and the vector [x1 x1' z1 z1'] is the phase
space in the coordinate system of the gantry. Assuming that the
magniﬁcation factor of the telescope structure is 1, the transmission matrix of the gantry lattice is an identity matrix. The phase
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The structure of the treatment head is illustrated in Fig. 4. Two
scanning magnets are at the top of the ﬁgure. A ceramic vacuum
chamber in the shape of a cuboid is positioned through the two
magnets, while a stainless steel vacuum chamber in the shape of a
square cone is downstream. The titanium window at the end of
the stainless steel vacuum chamber is 0.1 mm thick, and the
distance from the window to the isocenter is 0.8 m. From top to
bottom under the vacuum window are the sub dose monitor, the
main dose monitor, the position monitor and the range shifters
in turn.
In the process of simulation, the change of proton intensity and
the distribution of secondary neutrons generated around the
collimator were calculated using the Monte Carlo method at ﬁrst.
After that, transmission matrices were utilized to calculate the
change of the phase space from the gantry's entrance to the
vacuum window. In the end, Monte Carlo method was applied
again to form dose proﬁles at the isocenter.
The proton beam is scattered while traveling through a structure. The scattering effect is isotropic in transverse plane and
causes an increase to the deﬂection angle. The increase is an
independent random variable and not related to the initial phase
space of the proton beam. Consequently, if we could get a round
beam spot in vacuum with absence of the treatment head and
body tissue, we would get a round one with an impact of them.
With the knowledge above, we simpliﬁed the simulation model
by removing the three monitors and range shifters in the Monte
Carlo process.
2.3. Simulation conditions

Fig. 4. Structure of treatment head.
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The section from the vacuum window to the isocenter is
considered as a drift line, whose length is l¼0.8 m. We can deduct
the phase space [x3 x3' z3 z3'] just at the vacuum window inversely.
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The hardware platform for the Monte Carlo simulation is a Dell
Precision T5500 workstation with 2 CPU chips of Intel Xeon X5650,
which is a hexa-core 2.66 GHz processor. The operating system is
Linux 2.6.35.6-45.fc14.x86_64, and the simulation software is
release 9.5 of Geant4 with patch-01.
In the Geant4 simulation, primary particles were 19,000,000
protons generated using particle-tracking technology in the accelerator. The ceiling energy of 235 MeV and the ﬂoor energy of
70 MeV were used to evaluate the change of proton intensity and
production of secondary particles. For the comparison of dose
proﬁle at the isocenter, the energy of protons was limited to
70 MeV, because the dose proﬁle in low kinetic energy is a key
performance indicator to the whole treatment architecture.
The physics list comprises EM standard physics, hadron elastic
physics, hadron physics QGSP_BIC_HP, stopping physics, radioactive decay physics, ion binary cascade physics and decay physics.
Before traveling through the lattice of the gantry, the primary
particles were constrained by the collimator with a round aperture. At the end of the vacuum chamber, the particles encountered
a titanium window with the thickness of 0.1 mm. After that,
particles traveled in air and hit a sensitive detector array located
at the isocenter.
Due to the large mass of the gantry, the axis center of the
gantry might have a deviation relative to the axis center of the
high-energy transfer line when the gantry rotates. The mechanical
error will bring a position offset [xoffset 0 zoffset 0] to beam spots at
the isocenter. Therefore, the coordinate transformation in Eq. (1) is
modiﬁed to
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The effect of axis deviation was also considered in simulation.
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observed in Fig. 5. Different pseudo colors in the contour maps
represent the current of neutrons which passed though the grid
surface of the sensitive detector arrays. The neutron distribution
on the lateral side of the collimator is illustrated in Fig. 5a, where
the horizontal coordinate s is the direction along the beam movement. The collimator was located from s¼ 0 mm to s ¼100 mm,
and the sensitive detector array was located at z¼225 mm, which
is the half width of the vacuum chamber at the entrance of the
gantry. Fig. 5b illustrates the neutron distribution along the
opposite direction of the proton beam at s ¼  0.1 mm in front of
the collimator, while Fig. 5c illustrates the neutron distribution
along the direction of the proton beam at s ¼100.1 mm just behind
the collimator.
Besides neutrons, charged secondary particles were produced
during nonelastic reactions between the proton beam and the
copper collimator. Electrons were found around the downstream
quadrupole magnet, which is 0.9 m far from the collimator. The
production rate of electrons was less than 0.01%, using the proton
beam as a reference. The production rates of other kind of particles, such as positrons, deuteron, triton and alpha particle, were
one or two order of magnitude lower than that of electrons. These
charged secondary particles are easier to shield than the neutrons,
and they will not travel through the gantry lattice for protons
because of the unmatched charge-mass ratio.

3. Results
First of all, we evaluated reduction of proton beam intensity
and implication of secondary neutrons due to stopping effect of
the collimator. The quantity of protons was counted at the position
just behind the collimator. The production of secondary neutrons
was simulated in front of the collimator and behind it along the
direction of the proton beam. The shape of beam spot at the
isocenter is affected by the collimators with different inner radii.
The results are shown in Table 1. When the inner radius of the
collimator decreases, the loss ratio of protons and the production
rate of neutrons increase, but the shape of the beam spot at the
isocenter turns more circular. The choice of the inner radius is a
trade-off between utilization rate of the proton beam and the
circularity of the beam spot at the isocenter. After considering
these factors, 2.5 mm was chosen to be the inner radius of the
collimator for the further simulation. The results are illustrated in
Figs. 5–7.
It is worth mentioning that the neutrons produced by the
protons with the energy of 235 MeV are markedly greater in
number than those produced by the protons of 70 MeV. In order
to maximize the shielding of the secondary neutrons, the distribution of the neutrons produced by the protons of 235 MeV should
be carefully taken into account, which could be qualitatively
Table 1
Performance comparison of collimators with different inner radii.
Energy of proton beam/MeV
Inner radius of the collimator/mm

70
1.5

2.5

3.5

1

Loss ratio of protons/%
Production rate of neutron in front of collimator/%
Production rate of neutron behind collimator/%
FWHMx/FWHMz of beam proﬁle at isocenter b

72.4
3.14
0.62
1.00

41.6
1.80
0.38
1.02

11.6
0.53
0.13
1.07

0
0
0
1.11

a
b

a

235
1.5

2.5

3.5

1

69.1
22.9
18.4
–

35.4
12.5
10.2
–

8.30
3.20
2.67
–

0
0
0
–

a

Inner radius of value 1 means that the collimator was absent.
Beam proﬁle was only evaluated in low energy level.

x/mm

100
0
−100
−400 −300 −200 −100

0
s/m m

200

300

400

100

z/mm

z/mm

100

100

0
−100

0
−100

−100

0
100
x/mm

−100

0
100
x/mm

Fig. 5. Distribution of secondary neutrons around the collimator. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this
article.)
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Fig. 6. Comparison of dose proﬁle with and without collimator. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this
article.)

Fig. 6 illustrates a comparison of dose proﬁle at the isocenter
with and without a collimator. Different pseudo colors from dark
blue to dark red in subﬁgures represent different normalized dose
from 0 to 1. Simulation results without the collimator are in
column a. Dose proﬁles with the gantry's rotating angle of 0, 30
and 601 are shown in a(1), a(2) and a(3) respectively. It is obvious
that at the angle of 01, phase space in the two transverse planes is
unbalanced, and centers of proﬁle deviates from the origin. When
gantry rotates to 30 and 601, the shape of the dose proﬁle gets
distorted. Results with the collimator at the entrance of the gantry
are in column b. Dose proﬁles with a gantry's rotating angle of 0,
30 and 601 are shown in b(1), b(2) and b(3) respectively. We can
see that centers of proﬁle return to the origin and the shape of the
dose proﬁle keeps round at different rotating angles.

Fig. 7 illustrates comparison of the dose proﬁle at the isocenter
with and without collimator in the condition of gantry axis
deviation. As similar to Fig. 6, different pseudo colors from dark
blue to dark red in subﬁgures represent different normalized dose
from 0 to 1. It is assumed that xoffset ¼ zoffset ¼ 0.56 mm in Eq. (4).
Simulation results without the collimator are in column a. Dose
proﬁles with the gantry's rotating angle of 0, 30 and 601 are shown
in a(1), a(2) and a(3) respectively. It is observed that besides the
unbalanced phase space and the distorted proﬁle shape, the
mechanical error contributes to the position deviation of the dose
proﬁle at the isocenter as well. Results with the collimator at the
entrance of the gantry are in column b. Dose proﬁles with a
gantry's rotating angle of 0, 30 and 601 are shown in b(1), b(2) and
b(3) respectively. We can see that the mechanical error is partly
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Fig. 7. Comparison of dose proﬁle with and without collimator in the condition of axis deviation. (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of this article.)

eliminated, and the center of proﬁle goes back near the origin. The
shape of the dose proﬁle keeps round and is irrelevant to the
gantry's rotating angle.

4. Discussion
Since the intensity of the proton beam is reduced by the
collimator according to the simulation above, the utilization rate
of the protons extracted from the synchrotron is considerably
affected. The treatment time is inversely proportional to the
utilization rate, if the quantity of the protons extracted from the
synchrotron per unit time is a constant. As shown in Table 1, a
collimator with a larger aperture would increase the utilization
rate of protons. Take the proton beam of 70 MeV as an example. If

the collimator was used, the treatment time would increase by
262%, 71% and 13% responding to inner radius of 1.5 mm, 2.5 mm
and 3.5 mm. However, the main purpose to install the collimator is
to match the ﬁxed line to the gantry and to retain the circularity of
the beam spot at the isocenter, regardless of the rotation angle of
the gantry. The circularity error of the beam proﬁle at the isocenter
is 0, 2% and 7% responding to inner radius of 1.5 mm, 2.5 mm and
3.5 mm. By the way, when the collimator was absent, the circularity error of the beam proﬁle would be 11%. If a shorter treatment
time is required, a less round dose proﬁle at the isocenter should
be tolerated.
Based upon data comparison in Table 1, the production rate of
secondary neutrons is roughly proportional to the loss ratio of
protons, with a given kinetic energy of the proton beam. It is also
observed that the production rate of secondary neutrons was low
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with the proton beam of 70 MeV, but the production rate became
much higher when the kinetic energy rose to 235 MeV. Hence,
shielding materials like parafﬁn are supposed to be located in the
front of the collimator, on the lateral side of the collimator and
behind the collimator. The structure and conﬁguration of the
shield ought to be well calculated and designed.
The phase space at the exit of ﬁxed transfer line is asymmetric
in the two transverse planes because of resonant extraction. The
scattering effect of the vacuum chamber window is not enough
to compensate the unbalance, so the dose proﬁle at the isocenter would be an ellipse obviously if the collimator was absent.
Choosing a thicker vacuum chamber is not a good idea, because
the dose proﬁle at the isocenter would be too large to satisfy the
requirement of irradiation with high precision, especially with the
proton beam in low energy.
With the collimator, the dose proﬁle at the isocenter is roughly
round, and the center of the proﬁle is corrected to the origin with
an error of around 0.1 mm. When the axis deviation is taken into
account, the dose proﬁle remains round. However, the center of
the proﬁle can only be partly corrected, and the error is around
0.3 mm. Since the axis center of the gantry deviates relative to the
axis center of the transfer line, the gravity center of the phase
space of the proton beam traveling through the collimator is not
the geometric center of the round aperture. The error mentioned
above meets the requirement in the treatment speciﬁcation and
can be further corrected by scanning magnets in nozzle.
5. Conclusion
A collimator was designed to be installed at the entrance of the
gantry. A round dose proﬁle could be achieved at the isocenter
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despite of the unbalanced phase space in the extraction of the
synchrotron and the gantry's rotation. However, the intensity of
the proton beam was reduced due to the collimator. The loss of the
proton beam brought secondary particles and extension of treatment time as well. Especially, secondary neutrons introduced extra
radiation dose around the entrance of the gantry. After evaluating
the pros and cons, the inner radius of 2.5 mm was chosen as a
balance for the collimator. According to the Monte Carlo simulation, the scheme of the collimator was validated to be successful. A
shield is necessary to lower the undesired neutron dose. More
calculations and Monte Carlo simulations need to be processed to
improve the design of the collimator.
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