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Abstract
Purpose: In proton therapy, the potential of using high-dose rates in the can-
cer treatment is being explored. High-dose rates could improve efficiency and
throughput in standard clinical practice, allow efficient utilization of motion mit-
igation techniques for moving targets, and potentially enhance normal tissue
sparing due to the so-called FLASH effect. However, high-dose rates are dif-
ficult to reach when lower energy beams are applied in cyclotron-based pro-
ton therapy facilities, because they result in large beam sizes and divergences
downstream of the degrader, incurring large losses from the cyclotron to the
patient position (isocenter). In current facilities, the emittance after the degrader
is reduced using circular collimators; however, this does not provide an opti-
mal matching to the acceptance of the following beamline, causing a low trans-
mission for these energies. We, therefore, propose to use a collimation system,
asymmetric in both beam size and divergence, resulting in symmetric emittance
in both beam transverse planes as required for a gantry system. This new emit-
tance selection, together with a new optics design for the following beamline and
gantry, allows a better matching to the beamline acceptance and an improve-
ment of the transmission.
Methods: We implemented a custom method to design the collimator sizes
and shape required to select high emittance, to be transported by the following
beamline using new beam optics (designed with TRANSPORT) to maximize
acceptance matching. For predicting the transmission in the new configuration
(new collimators + optics), we used Monte Carlo simulations implemented in
BDSIM, implementing a model of PSI Gantry 2 which we benchmarked against
measurements taken in the current clinical scenario (circular collimators + clin-
ical optics).
Results: From the BDSIM simulations,we found that the new collimator system
and matching beam optics results in an overall transmission from the cyclotron
to the isocenter for a 70 MeV beam of 0.72%. This is an improvement of almost
a factor of 6 over the current clinical performance (0.13% transmission). The
new optics satisfies clinical beam requirements at the isocenter.
Conclusions: We developed a new emittance collimation system for PSI’s
PROSCAN beamline which, by carefully selecting beam size and divergence
asymmetrically, increases the beam transmission for low-energy beams in
current state-of -the-art cyclotron-based proton therapy gantries. With these

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine

Med Phys. 2021;48:7613–7622. wileyonlinelibrary.com/journal/mp 7613

mailto:Vivek.maradia@psi.ch
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/mp


7614 NEW EMITTANCE SELECTION COLLIMATOR

improvements, we could predict almost 1% transmission for low-energy beams
at PSI’s Gantry 2. Such a system could easily be implemented in facilities
interested in increasing dose rates for efficient motion mitigation and FLASH
experiments alike.
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1 INTRODUCTION

Over the past two decades, proton therapy experienced
remarkable developments and has become a credible
option in radiotherapy to treat certain types of can-
cers. The most advanced, and nowadays the most used
method to deliver the dose is spot scanning or pencil
beam scanning (PBS)1,2 first introduced on a gantry in
a clinical setting at PSI in the 1990s. PBS typically pro-
vides improved dose conformity and healthy tissue spar-
ing when compared to equivalent photon plans.3–5 How-
ever, PBS is especially prone to uncertainties caused by
anatomical changes and motion during the treatment,
which may compromise its effectiveness.6–8 Hence, the
use of this technology is limited in the case of moving
tumors. Such treatments will necessarily require some
means for mitigating the interplay effect between the
motions in the patient and the beam delivery,9 the most
common motion mitigation techniques being breath-
hold,10,11 rescanning,12–15 and gating.16

Treatment delivery time with PBS depends both on
the beam-on time and the dead time (the time required
to change energy layers and/or lateral position) between
pencil beams. As such, PBS irradiation with high-
intensity beams will reduce beam-on time and thus
shorten total delivery times, making motion mitigation
techniques such as breath-hold or gating more efficient
and patient-friendly. Additionally, higher beam intensities
will permit efficient delivery of hypo-fractionated treat-
ments and will be an important enabler of proton FLASH
techniques.17–19

Most of the proton therapy facilities use a cyclotron,
which extracts proton beams at fixed energy. However,
to spread the dose over the depth of the tumor, differ-
ent beam energies are needed for the treatment (70–
230 MeV). In a cyclotron-based facility, the energy is
lowered by passing the beam through energy-degrading
material(s) (so-called energy degraders). However, due
to scattering in the degrader, for low-energy beams,
the emittance after the degrader is in the range of
few hundreds of π*mm*mrad.20,21 Additionally, due to
range straggling in the degrader, the momentum spread
of the beam will also increase. Therefore, to minimize
beam losses in the beamline, it is necessary to use
beam emittance selection collimators after the degrader
and momentum selection slits in the energy selection
system (ESS) to restrict the emittance and momen-

tum spread to the requirement of the following beam-
line or gantry.20,22 Currently, all cyclotron-based proton
therapy facilities transport a maximum emittance of 30
π*mm*mrad through the beamline22–27 (in this work,
beam sizes,divergences,and emittances are expressed
as 2σ values), which limits the transmission of low-
energy beams.For example,for the lower energies trans-
ported by the Gantry 2 at our institute (70–100 MeV),
transmission from the cyclotron to the isocenter is of the
order of only 0.1%, limiting beam intensity and there-
fore increasing treatment times, particularly for superfi-
cial tumors.

One way to achieve higher intensity beams at the
isocenter is to transport a higher emittance through the
following beamline and gantry. For example, in a beam
optics study, we have recently shown the potential of
allowing higher emittance to be transported through the
gantry using a larger beam size and smaller divergence
at the gantry entrance.28,29 In this study, we propose to
extend this transmission increase to the beam trans-
port line between degrader and gantry. Such a solution
should minimize transmission losses through the whole
beam transport,while still achieving clinically acceptable
beams at the isocenter.

For proton beam delivery with a gantry, it is required
to have the same beam properties at the isocenter for
all gantry angles. The most straightforward method to
achieve this is to have the same emittance (same beam
size and divergence) in both planes at the entrance of
the gantry.24 In general, in most cyclotron-based gantry
facilities, two round-shaped collimators, positioned after
the degrader, are used (designated as C1 and C2 in
Figure 1) which then provide the same beam size and
divergence in both planes, which is then symmetrically
imaged to the gantry entrance point.22,24–26,30,31 Due to
the alternating focusing signs of quadrupole lenses and
bending magnets, the requirements for beam size and
beam divergence at the start of the beam transport after
the degrader can be quite different for obtaining a maxi-
mum transmission and symmetric emittance. A round-
shaped collimator limits the emittance in both planes
in the same way, to achieve the symmetric emittance
requirement, but at the same time, it limits the emittance
in one plane more than necessary.

In this paper, we propose an emittance selection
based on asymmetric beam size and divergence selec-
tion and demonstrate its impact on transmissions
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F IGURE 1 Schematic representation of the PROSCAN beam line’s energy selection system. (Q = Quadrupole magnet, D = Dipole/Bending
magnet, C1 = Beam size selection collimator, C2 = Beam divergence selection collimator and, M= Beam current and beam profile monitor)

through simulations on the PSI proton therapy facility
PROSCAN.32 Using asymmetric collimation, a higher
(but still symmetric) beam emittance can be transported
through the beamline. To calculate the transmission
improvements of this design, we have performed Monte
Carlo simulations using BDSIM33 and have validated
the model using measurements performed at the PSI’s
Gantry 2 facility. After reaching a satisfactory descrip-
tion from the BDSIM model, we have used it to predict
the performance of the new collimator scheme in our
beamline. As we mainly want to improve transmission
for low-energy beams, we focus here only on the lowest
energy transported through our gantry (70 MeV). How-
ever, as all proton therapy facilities worldwide have simi-
lar limitations of maximum beam size in one transverse
plane and maximum divergence in another transverse
plane, we expect the method described in this paper to
be applicable to other cyclotron-driven facilities as well.

2 MATERIALS AND METHODS

2.1 Reference beam optics

The reference beam optics (currently used at PSI) of
the PROSCAN beamline were designed to have point-
to-point imaging from the degrader exit at beam size
selection collimator C1 (as shown in Figure 1) to the cou-
pling point of Gantry 2 with intermediate images. Colli-
mator C1 defines a 3 mm beam size, while collimator
C2 defines a 10 mrad divergence in both planes. The

beam optics has then been designed such that all mag-
net settings scale similarly with the beam momentum set
by the ESS. The gantry beam optics was also designed
to provide a point-to-point focus in both planes with a
1:1 imaging from the coupling point of the gantry to the
isocenter. The system is designed such that it provides
complete achromaticity of the transported beam in both
the beam transport line and in the gantry.

With the reference beam optics,we lose almost 98.5%
beam in the degrader and the collimator system (i.e.,
until M2) due to the only 30 π*mm*mrad emittance
resulting from the round collimators C1 and C2. In addi-
tion, due to the momentum selection slits necessary to
match the momentum spread of the beam to the beam-
line acceptance (Δp/p = ± 1%),we end up losing almost
99.77% beam by the time the beam reaches M3 at the
end of the ESS. The beam transport from the end of
the ESS to the coupling point however is very efficient
(almost zero losses). Finally, there is local transmission
of about 58% through the gantry. As such, the overall
transmission from the cyclotron to the isocenter is in the
order of 0.1%.

2.2 Required aperture sizes of the
asymmetric collimators

The main requirement of the emittance selection colli-
mators is to select the same emittance in both trans-
verse planes. We illustrate how this is performed on our
beamline (the ESS is schematically shown in Figure 1).
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F IGURE 2 Beam optics transporting 30 π*mm*mrad (3 mm beam size and 10 mrad divergence) in X-plane and 81 π*mm*mrad (3 mm, 27
mrad) in Y-plane through ESS. Beam envelope shows the beam size in 2-sigma values and the dispersion (dashed line) (The lower half shows
beam envelope in X-plane (bending plane) and the upper half shows envelope in Y-plane

TABLE 1 Required aperture radius of collimator C1 and C2 to
achieve 100 π*mm*mrad emittance in both planes

Collimator C1 radius (mm) Collimator C2 radius (mm)
X-plane Y-plane X-plane Y-plane

13.5 3.5 12.4 33.5

After the degrader, quadrupole Q4, the first quadrupole
after the degrader, is used to focus the beam in the ver-
tical (Y) plane. As quadrupole Q4 focuses the beam in
the Y-plane, it will defocus the beam in the horizontal (X)
plane. However, although defocused in the X-plane, the
beam size in the X-plane is limited by the aperture of the
following quadrupole Q5, leading to different maximum
divergence acceptances in both planes. With the 3 mm
beam size defined by collimator C1, the maximum possi-
ble divergences are 27 mrad in the Y-plane and 10 mrad
in the X-plane (Figure 2). In the Y-plane however, the
beamline allows a divergence almost three times higher
compared to the X-plane.

As the Gantry 2 can transport 100 π*mm*mrad
emittance,28 we have designed the collimator system
C1–C2 to select 100 π*mm*mrad in both planes too.We,
therefore, selected the beam divergence selection colli-
mator (C2) aperture such, to have the maximum accept-
able divergences in both planes, being 10 mrad and 27
mrad in the X and Y-plane, respectively. To also obtain
equal emittance in both planes, the beam size in the Y-
plane must be three times smaller than the beam size
in the X-plane. For this, we design collimator C1 such
that it selects a 10 mm beam size in the X-plane, and a
3.7 mm beam size in the Y-plane (Tables 1 and 2). The
used collimator apertures are given in Table 1. As we
first cut the beam using collimator C1, the shape of the

TABLE 2 Required beam sizes from collimator C1 and
divergences from collimator C2 to achieve 100 π*mm*mrad
emittance in both planes

Beam Size from
Collimator C1
(mm)

Divergence
from Collimator
C2 (mrad)

Emittance
(π*mm*mrad)

X-plane 10 10 100

Y-plane 3.7 27 100

beam after the collimator is not Gaussian. Therefore, to
optimize the aperture of collimator C1 an iterative pro-
cess of testing different collimator apertures and deter-
mining their equivalent Gaussian parameters was per-
formed until the required beam size after the collimator
was reached.

2.3 New beam optics design with
asymmetric collimators

The beam optics has been designed by using the matrix
formalism code TRANSPORT.34 To design new beam
optics for the PROSCAN beamline to transport the
higher emittance (100 π*mm*mrad) resulting from the
use of asymmetric collimators, we used similar point-
to-point imaging as used in the reference beam optics.
However, to maximize the transmission through the
beamline and gantry, we have adapted the imaging fac-
tors for the new beam optics. As this starts with different
beam sizes in the two transverse planes at collimator
C1,different imaging in both planes is needed to achieve
the same beam size (16 mm) at the coupling point. For
the fixed part of the beamline (before the gantry), we
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F IGURE 3 Results of beam profile measurements. The measured profiles are shown in red (light line), the BDSIM simulation results in
black (dark line)

have used 1:2 imaging in the X-plane and 1:5 imag-
ing in the Y-plane between collimator C1 and the cou-
pling point. The Gantry 2 beam optics is then set at 2:1
imaging between the gantry coupling point and the
isocenter to get 8 mm beam size at the isocenter image
point (in vacuum). The momentum spread of the beam
is similar to the reference beam optics.

2.4 Monte Carlo simulations

TRANSPORT cannot predict beam losses along the
beamline. To calculate the transmission of the new
beam optics, Monte Carlo simulations, based on beam-
line settings optimized with TRANSPORT, are required.
In this work, these have been performed using the
BDSIM 1.4.133 Monte Carlo simulation toolkit. BDSIM
is based on the Geant4 toolkit [16] and is capable
of simulating a wide variety of beamline components
and magnets with Geant4 geometry, and can predict
beam losses in particle accelerator/beamline compo-
nents with high accuracy.35 We have therefore built
a model of PSI’s PROSCAN beamline and Gantry
2 in BDSIM. The calculations have been performed
with the physics list based on recommended modules
for proton therapy (G4EmStandardPhysics_option4,
G4HadronPhysicsQGSP_BIC_HP, G4StoppingPhysics,

G4HadronElasticPhysicsHP, G4EmStandardPhysics-
WVI).36–40 BDSIM has then been used to calcu-
late the beam losses along the beamline, which
can then be compared with relevant experimental
data. To minimize statistical error, simulations with
10 million initial particles have been performed. To
experience the systematic uncertainty due to the
choice of the physics model in transmission calcula-
tion, we repeated the simulations using two different
physics models, G4HadronPhysicsQGSP_BIC_AllHP
and G4HadronPhysicsQBBC. Transmission differences
between the two physics models were within ±3%.Post-
processing of the simulation data has been performed
using ROOT v6.2241 and MATLAB v9.642 scripts.

3 RESULTS

3.1 Validation of BDSIM model against
measurement

In the PROSCAN beamline, there are many strip cham-
ber monitors along the beamline which measure the pro-
files and the current (= intensity) of the beam.43 The
BDSIM simulations of the reference beam optics, sim-
ulated signals in all profile monitors which could then
be compared to experimental data. The profiles of three
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F IGURE 4 Beam envelope from BDSIM simulation for PSI’s reference beam optics for 70 MeV beam. The lower half shows the beam
envelope in X-plane (bending plane) and the upper half shows the envelope in Y-plane. Yellow squares show measured beam size with black
error bars (gaussian fitting error)

TABLE 3 Comparison between measured and simulated transmission along the beamline for reference beam optics. The transmission is
expressed as a percentage of the beam intensity extracted from the cyclotron

M1 M2 M3 Coupling point isocenter

BDSIM Simulation 10 ± 0.3% 1.47 ± 0.04% 0.23 ± 0.007% 0.22 ± 0.007% 0.13 ± 0.004%

Measurements 10.1 ± 0.7% 1.46 ± 0.1% 0.21 ± 0.015% 0.21 ± 0.015% 0.13 ± 0.002%

important monitors (elements M1–3 shown in Figure 1),
located behind the collimators (C1 and C2) and the ESS,
where most of the beam is lost, are shown in Figure 3.
For each monitor, the particle distribution predicted by
the BDSIM is directly compared with the measured pro-
file. Measured and simulated profiles were found to be
in good agreement.

Besides the qualitative comparison in Figure 3, an
analysis was performed of the beam transport from
cyclotron exit to the isocenter of the Gantry 2, as shown
in Figure 4. This compares the beam size calculated
with BDSIM with measurements performed at the profile
monitors along the PROSCAN beamline. For these, the
measured beam size has been extracted using a Gaus-
sian fit, indicating that simulated and measured beam
sizes also match along the beamline. Note that even
when the beam profiles are non-Gaussian, the beam
shape is always similar in both simulations and mea-
surements.

Transmission measurements through the ESS have
been performed at three different beamline positions

using current monitors M1, M2, and M3. In addition,
transmission has also been measured at the coupling
point (gantry entrance) and isocenter.

As shown in Table 3, transmission calculation of refer-
ence beam optics using BDSIM simulation matches the
measured transmission. The overall transmission from
the cyclotron to the isocenter is in the order of 0.1%.
The agreement between the measurement results and
the simulated profiles and transmission, as listed in Fig-
ures 3 and 4, and Table 3, indicates that the accuracy of
the simulated transmissions is much better than 10%,
sufficient for the purpose of this work.

3.2 Transmission improvements with
asymmetric collimators

Figure 5 compares the reference beam optics (30
π*mm*mrad emittance) using round collimators and with
the beam optics using elliptically shaped asymmetric
collimators (100 π*mm*mrad). Although this new beam
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F IGURE 5 Part (a) shows reference beam optics with two round-shaped symmetric phase space selection collimators. Part (b) shows
newly developed beam optics with two asymmetric phase space selection collimators. Beam envelope shows the beam size in 2-sigma values
and the dispersion (dashed line) along the PROSCAN beamline and Gantry 2 (The lower half shows beam envelope in X-plane (bending plane)
and the upper half shows envelope in Y-plane.)

TABLE 4 Simulation results of the transmission using round collimators (30 π*mm*mrad emittance transport) and using asymmetric
collimators (100 π*mm*mrad emittance transport). Transmission values are from the cyclotron to different locations along the beamline

M1 M2 M3 Coupling point isocenter

Reference beam optics 10 ± 0.3% 1.47 ± 0.04% 0.23 ± 0.007% 0.22 ± 0.007% 0.13 ± 0.004%

New beam optics 15 ± 0.45% 5.5 ± 0.165% 1.22 ± 0.037% 1.2 ± 0.036% 0.72 ± 0.022%

optics was designed with TRANSPORT (envelopes
shown in Figure 5(b)),BDSIM has been used to estimate
the transmission along the beamline.

At monitor M2, losses of almost 94.5% in beam inten-
sity after the asymmetric emittance selection collima-
tors have been estimated, versus a loss of 98.5% with

the reference optics (Table 4). As asymmetric collima-
tion enables a larger emittance with an improved match-
ing to the acceptance of the following beamline, this
results in a higher transmission. As such, with an emit-
tance of 100 π*mm*mrad in both planes, we are able to
achieve 1.22% transmission through the ESS instead of
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0.23% in the reference beam optics. Similar to the refer-
ence beam optics, there are no losses between the end
of the ESS and the coupling point and for both cases,
transmission through the gantry is about 60%. With an
asymmetric collimation system, we thus predict an over-
all transmission from the cyclotron to the isocenter for
70 MeV beam of 0.72%, compared to 0.13% in the ref-
erence beam optics, corresponding to an increase of
almost a factor of 6 in beam current reaching the patient.
However, this comes at a cost on beam size with the
simulated beam size in the air for the reference optics at
isocenter being 11.2 ± 0.6 mm, whereas for the asym-
metric beam optics, beam size at isocenter is 17.2 ±

0.7 mm, representing an increase of about 50%. With
the new system, we could achieve a maximum of 6 nA
beam current at the isocenter for 70 MeV beam com-
pared to 1 nA with the reference beam optics.

4 DISCUSSION

We have demonstrated that an asymmetric collimator
system for emittance selection, aiming at selecting
asymmetric beam sizes and beam divergences follow-
ing the degrader in a cyclotron-based proton therapy
facility, can achieve substantially higher transmissions
for low-energy beams. This approach overcomes the
limitations of typically used circular collimators, by
separately matching horizontal and vertical emittances
to the acceptance of the downstream beamline. Using
this design based on asymmetric collimators, we have
shown that up to 100 π*mm*mrad emittance could be
transported in both planes through the beamline. In a
BDSIM simulation of the PSI PROSCAN beamline, we
have found that this approach increases the low-energy
transmission by almost a factor of 6 compared to ref-
erence beam optics. In the simulation, we assumed
that the new collimator system is located at the same
position as the current collimator system;such a change
could thus be implemented easily in clinical practice.
By comparing PSI’s system with other cyclotron-driven
proton therapy facilities, we expect that a similar asym-
metric collimator system will be applicable in other
cyclotron-based facilities to increase the transmission
for low-energy beams. However, the magnitude of the
transmission increase will be facility dependent due
to differences in distances, apertures, materials, and
cyclotron energies.

Using asymmetric collimators to minimize losses will
mostly improve the transmission at the lower energies
used in proton therapy. There might however be some
effects also at the higher energies. For these (e.g., in
the range 180–230 MeV), the beam size and divergence
after the degrader will be lower than the beam sizes
selected in the X-plane and the divergence selected in
the Y-plane using collimators C1 and C2, respectively.
Because of this, for high-energy beams,we will not com-

pletely fill the aperture of the collimators, resulting in dif-
ferent emittances in the X and Y planes. One way to
overcome this deviation is to increase the beam size
(e.g.,by magnetic defocusing) and divergence (either by
magnetic defocusing or by using a scattering foil made
of high-Z material) of the incoming beam before or in
the energy degrader. This will increase the beam size
and divergence of the high-energy beam, but will then
cover the collimators C1 and C2 compactly. In this way,
we will get the same emittance in both planes even for
high-energy beams, although this could result in a less-
optimal transmission of high-energy beams through the
collimator system. However, since higher energies nat-
urally have lower losses, the two effects will counteract
each other, thus reducing the otherwise large energy-
dependent variation of the beam intensity reaching the
patient.

Because of the higher emittance transported using
asymmetric collimators, the beam size at the isocenter
will be 1.5 times larger compared to the reference beam
optics, which will have an inevitable effect on the lateral
penumbra. However, this might only be a limitation for
static tumors as larger beam sizes might be useful in
the context of motion mitigation.44 Larger beam sizes
could also be of advantage by enabling a reduction of
the number of spots required to cover the target volume,
potentially shortening the total delivery time even fur-
ther,and might also provide even more robustness to the
treatment plan. The beam sizes obtained with the new
optics,anyway,are still acceptable from a clinical point of
view, since they are compatible with those used in other
facilities.45,46 However, the beam size at the isocenter is
dependent on gantry beam optics and it will be investi-
gated as a continuation of this work.

In addition to the asymmetric collimator, the choice of
degrader material also has an impact on the divergence
after the degrader and thus on transmission. For exam-
ple, degraders made of boron carbide20 or beryllium22

could bring an additional 20%–30% increase in trans-
mission with respect to a graphite degrader (one of the
most commonly used material). At PSI, we are investi-
gating the possibility of using a boron carbide degrader,
which, if combined with the asymmetric collimation sys-
tem presented here, could result in about a factor of 7
higher transmission with respect to the reference optics.

5 CONCLUSION

In summary, we have demonstrated that the transport
of higher emittance beams through the beamline can
substantially increase low-energy beam transmission
by improved matching of the beam emittance between
elliptically shaped emittance selection collimators and
improved beam optics with a larger resulting beam
size at the coupling point. The resulting improved dose
rates could improve the treatment of moving tumors,
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by extending proton therapy applications to a more effi-
cient implementation of breath-hold,gating,and rescan-
ning. Shorter delivery times will also allow an efficient
implementation of hypo-fractionation regimes and even-
tually contribute to reducing the proton therapy treat-
ment cost.47,48 It may also help to reach FLASH dose
rates. This approach therefore could open a wide range
of possibilities for both current and future proton therapy
practice.
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