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Demonstration of momentum cooling to 
enhance the potential of cancer treatment 
with proton therapy

Vivek Maradia    1,2  , David Meer1, Rudolf Dölling1, Damien C. Weber1,3,4, 
Antony J. Lomax1,2 & Serena Psoroulas    1

In recent years, there has been a considerable push towards ultrahigh dose 
rates in proton therapy to effectively utilize motion mitigation strategies 
and potentially increase the sparing of healthy tissue through the so-called 
FLASH effect. However, in cyclotron-based proton therapy facilities, it 
is difficult to reach ultrahigh dose rates for low-energy beams. The main 
reason for this lies in the large momentum spread that such beams have 
after reducing their energy to levels required for proton therapy, incurring 
large losses in conventionally used momentum or energy selection slits. 
Here we propose momentum cooling by using a wedge in the energy 
selection system (instead of a slit) to reduce the momentum spread of the 
beam without introducing substantial beam losses. We demonstrate this 
concept in our eye treatment beamline and obtain a factor of two higher 
transmission, which could eventually halve the treatment delivery time. 
Furthermore, we show that with a gantry design incorporating this feature, 
we can achieve almost a factor of 100 higher transmission for a 70 MeV 
beam compared with conventional cyclotron-based facilities. This concept 
could enhance the potential of proton therapy by opening up possibilities of 
treating new indications and reducing the cost.

Ninety-two years since the invention of the cyclotron by E. Lawrence, over 
1,500 cyclotron facilities, operating in 95 countries around the world, 
produce high-energy proton beams for radioisotope production, cancer 
treatments and multidisciplinary research1. Over the last ten years, the 
number of cyclotron-based proton therapy (PT) facilities has increased 
exponentially2, as PT provides improved dose conformity and healthy 
tissue sparing compared with equivalent conventional radiation (photon/
electron) therapy plans3–5. Cyclotrons are currently the most common 
accelerators for PT, accounting for two-thirds of the total installations.

Since a cyclotron produces beams of fixed energy (230–250 MeV 
for a PT cyclotron), to achieve clinically required energies (70–
230 MeV), an energy selection system (ESS), consisting of a degrader 
of adjustable thickness, is required. Multiple Coulomb scattering and 

range straggling in the degrader increase the transverse emittance 
(phase-space area) and the momentum/energy spread of the beam 
beyond the acceptance of the following beamline6,7, resulting in an 
energy-dependent beam transmission. For most facilities, and for the 
lowest energies (70–100 MeV), transmission through the ESS is typi-
cally below 0.1% (refs. 6,8). Such losses cause an undesirable increase 
in treatment delivery time, particularly when combined with motion 
mitigation techniques9 (~15–30 min for a field delivery), and reduce 
patient comfort. Indeed, there is growing interest in the radiotherapy 
community to reduce treatment times through increased dose rates, 
both for biological reasons (exploiting the so-called FLASH irradia-
tions10) and to help mitigate these effects of internal organ motions 
during therapy11.
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Demonstration of momentum cooling in clinical 
PT beamline
The OPTIS2 beamline at our institute has been designed and imple-
mented specifically for the treatment of ocular tumours. For this, a 
carbon degrader is used to degrade the 250 MeV beam produced by 
our cyclotron down to 70 MeV for treatments. To reach such low ener-
gies, the momentum spread after the carbon degrader is about ±4.5%. 
However, due to the design of the beamline, a maximum momentum 
spread of ±1.3% can be transported through the ESS, and by using dif-
ferent positions of the slit, the momentum spread can be reduced down 
to ±0.1%.

The beam optics for the OPTIS2 beamline have been designed to 
transport the maximum acceptable emittance through the beamline 
(48 π mm mrad in the X plane and 100 π mm mrad in the Y plane) to 
maximize transmission. Ocular treatments, however, require a low 
momentum spread (±0.25%) to maximize the distal fall-off of the Bragg 
peak, as discussed above. This currently limits the dose rate that can be 
delivered to the patient to 15 Gy min–1 (total transmission, 0.27%) from 
the cyclotron to the isocentre, corresponding to treatment times of 
about 1 min. This is not ideal for treatments, as the patients need to keep 
their eyes open and focus on a reference point, and the eyelids are kept 
open by an external clip. This can be difficult for many patients (and 
makes the treatment of children almost impossible), resulting in fre-
quent treatment interruptions, which also extends the treatment time.

To separate the OPTIS2 beamline from other beamlines in our facil-
ity (not shown in Fig. 3), we use the bend (D3–Q14–Q15–Q16–Q17–D4) 
that forms a small achromatic beamline similar to an ESS. As such, 
for our tests of momentum cooling, we inserted the wedge between 
quadrupoles Q15 and Q16 (Fig. 3). Supplementary Table 2 provides a 
comprehensive specification of the eye beamline, outlining its detailed 
characteristics.

For our experiment, we kept the slit open so that we could trans-
port the beam with a momentum spread of ±1.3% up to the wedge, with 
the aim of reducing the momentum spread to less than ±0.3% using a 
polyethylene wedge (density, 0.94 cm3) that was 4.00 cm high, 4.00 cm 
wide and with the maximum thickness of 0.38 cm. The geometry of the 
wedge was determined based on the momentum spread of the beam 
and the dispersion function at the location of the wedge. As a result 
of scattering in the wedge, the beam’s emittance increased, leading 
to an emittance of approximately 94 π mm mrad in the X plane and 
107 π mm mrad in the Y plane (this emittance was experimentally meas-
ured using two profile monitors after Q22). After the wedge, to keep the 
beam inside the beam pipe, we focus the beam in the X plane using quad-
rupole Q16. We also adjust the magnetic field of the dipole magnet D4 
to compensate for the energy loss accrued in the wedge. Quadrupoles  
Q18–Q22 were used to achieve zero dispersion and double waist at the 
entrance of the OPTIS2 room. To measure the momentum spread of the 
beam, we measured the Bragg peak curve in water at the isocentre and 
deduced the momentum spread from the distal fall-off of the beam. 
By selecting the clinically used momentum spread (±0.25%) with a slit 
and transporting the beam up to the isocentre (that is, without the 
wedge inserted in the beamline), a distal fall-off (80–20%) of 0.91 mm 
was measured (Fig. 3b). When transporting a beam with a momentum 
spread of ±1.30% with the wedge in place, together with new beam 
optics to compensate for the resulting change in momentum spread 
and emittance, we measured a distal fall-off (80–20%) of 0.99 mm (Fig. 
3c), corresponding to a substantially reduced momentum spread of 
±0.27% at the entrance of the OPTIS2 treatment room. In this configu-
ration, we measured a transmission of 0.5% (28.5 Gy min–1) from the 
cyclotron to the entrance of the OPTIS2 treatment room, almost double 
the original 0.27% transmission of the clinical beamline when using 
slits. As the irradiation time is proportional to the beam current, this 
would correspond to treatment time reductions of a factor of 2 (60 s 
down to 30 s). Transmission could be further improved by redesigning 
the ESS (by using a smaller bending angle, that is, 15°) to transport the 

Matching the momentum spread of the beam after energy degra-
dation, through the use of momentum selection slits, substantially con-
tributes to this transmission loss through the ESS8. Despite efforts to 
achieve efficient PT treatment delivery, no single method has emerged 
as a viable, generally applicable alternative solution in terms of trans-
mission improvement from the cyclotron to the treatment location 
(also called the isocentre).

As such, here we propose a method called ‘momentum cooling’ 
to reduce longitudinal emittance (momentum spread) after energy 
degradation, a technique previously proposed for muon ionization 
cooling experiments12–14. To the best of our knowledge, this technique 
has never been proposed to improve transmission in PT, perhaps due 
to the fact that it increases the transverse emittance of the beam, 
which is typically already relatively high in therapeutic proton beams 
(>100 π mm mrad (2σ value)).

However, in previous studies, we have already shown that such 
high emittances can be successfully controlled in PT beamlines. For 
instance, an asymmetric collimator can optimally match the beam 
emittance and the beamline acceptance to maximize transmission8, 
whereas beam-optics imaging factors (equal to the ratio of beam size 
between the start point and end point) of the order of 2:1 or 3:1 between 
the entrance of the gantry and the isocentre can also let higher emit-
tances through the gantry and thus improve the total transmission 
from the cyclotron to isocentre15,16. By combining these two techniques, 
we have demonstrated that it is possible to increase transmission for 
low-energy beams by a factor of 6 from 0.13% to 0.72% (ref. 8). Such 
improvements, however, are still limited by the losses due to energy 
selection. Changes in degrader material also can give only limited 
improvements to the transmission. To overcome this problem and 
maximizing the transport efficiency of high emittances, we propose 
to combine these methods with momentum cooling for a dramatic 
improvement in transmission.

In this Article, we present the experimental demonstration of 
wedge-based momentum cooling to achieve high transmission (high 
dose rates) for low-energy beams in a clinical proton beamline. We also 
propose a compact gantry design that includes momentum cooling 
capabilities and estimates the achievable transmissions and dose rates 
using Monte Carlo simulations.

Limitation of conventional state-of-the-art ESS
The schematic of a conventional ESS is shown in Fig. 1. At the entrance 
of dipole magnet D1, the source of the proton beam has a momentum of 
p ± Δp. When the beam passes through D1, higher-momentum particles 
(that is, p + Δp) will bend less, while lower-momentum particles (that 
is, p – Δp) will bend more. A pair of focusing magnets (Q1 and Q2) are 
used to focus the beam at the momentum selection slit. By adjusting 
the position of the slit in the bending plane, one can, therefore, select 
different momentum bands. To achieve a Bragg peak with a sharp distal 
penumbra, a necessity for sparing normal tissues in PT, it is important to 
have momentum spreads as small as ±0.25%, particularly when treating 
small ocular targets using low-energy proton beams17. However, after 
the energy degrader, the momentum spread of the beam is in the range 
of ±4% for low energies, which introduces a substantial beam loss in the 
slits, resulting in a 6–10 times decrease in beam intensity6,8,18.

The new ESS with momentum cooling
We propose to use a wedge instead of slits in the ESS to cool momentum 
spread without introducing a substantial loss of particles. Figure 2 
illustrates the principle of the new ESS. The geometry of the wedge is 
chosen in a way that particles with different momenta will see different 
thicknesses of the material, thereby losing more (higher-energy parti-
cles) or less (lower-energy particles) energy in the wedge to equalize 
the momentum spread (p – Δp) after the wedge. Momentum spread 
after the wedge is, thus, reduced without introducing substantial beam 
losses, but at the cost of an increased emittance in the bending plane.
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maximum momentum spread (±4.5% at 70 MeV). With this modifica-
tion, we would expect a transmission of almost 7%, corresponding to 
a dose rate of about 390 Gy min–1 and treatment times of the order of 
3 s, which could open the door to treat new patient groups (that is, 
young children) having ocular cancer with PT. Due to these encourag-
ing results, we are currently preparing to implement this solution for 
clinical use in the OPTIS2 beamline.

Performance characteristics of PT facility with 
momentum cooling
Beam transport through a gantry-based treatment facility is more 
complicated than for a fixed beamline, and it is important to have the 
same emittance in both transverse planes at the entrance of the gantry 
to achieve gantry-angle-independent beam optics, transmission and 
beam size at the isocentre8. This can limit the achievable transmission. 
As such, we have also investigated the application of momentum cool-
ing to the design of a compact PT gantry. A schematic of this, based on 
a commercial 250 MeV cyclotron with the maximum extracted beam 
current of 800 nA (ref. 19), is shown in Fig. 4. The first three quadrupoles 

(Q1–Q3) are used to focus the beam at the centre of an energy degrader 
(made of beryllium), which determines the energy within the clinically 
required range (70–230 MeV) and achieving the smallest increase in 
beam size. Asymmetrically shaped emittance selection collimators 
(already mounted on the gantry) are then used to select the maximum 
acceptable emittance for Q4 and Q5.

With this approach, two times higher emittance can be trans-
ported in the Y plane compared with the X plane (bending plane). This 
quadrupole pair then focuses the beam at the entrance of the new ESS 
(beamline made of D1–Q6–Q7–wedge), while the dipole magnet D1 
(bending angle, 15°) is used to sweep the beam over the wedge in the 
dispersive focus. After the first bending magnet, we use the collima-
tor to clean the beam tails (the collimator is not shown in Fig. 4). After 
this, quadrupoles Q6 and Q7 are used to achieve the smallest possible 
beam size (for a beam with zero momentum spread) in a dispersive 
plane at the location of the wedge. If made of polyethylene (density, 
0.94 g cm–3) and with its thickness modified depending on the energy 
of the beam, this reduces the momentum spread (Δp/p) of the beam. 
The beamline design following the wedge is then similar to PSI’s Gantry 

Energy/momentum selection slit
Q1 Q2 Q3 Q4

p + ∆p

p ± ∆p
p

p – ∆p

D1

Quadrupole magnets

Dipole magnet Dipole magnet

D2

p pp

Fig. 1 | Layout of conventional ESS with a cross section in the bending plane. 
Q1–Q4 are quadrupole magnets. D1 and D2 are dipole magnets. Off-momentum 
particles are stopped by the energy/momentum selection slit made of copper. 

Here p represents the momentum of the particle and Δp represents the maximum 
momentum spread in the beam. The particle trajectories are defined based on 
the momentum of the particle.

Q1 Q2

Wedge

Q3 Q4

Dipole magnet
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Fig. 2 | Layout of new ESS with momentum cooling with a cross section in 
the bending plane. Wedge is made of a low-Z material (that is, polyethylene 
or polymethylmethacrylate). Q1–Q4 are quadrupole magnets. D1 is a dipole 

magnet. Here p represents the momentum of the particle and Δp represents the 
maximum momentum spread in the beam. The particle trajectories are defined 
based on the momentum of the particle.
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Fig. 3 | Eye beamline and Bragg peak shape exhibit variations in momentum 
spread. a, PROSCAN (OPTIS2) beamline used for ocular treatment. Q1–Q22 are 
quadrupole magnets and D1–D4 are dipole magnets. A wedge can be inserted 
between Q15 and Q16. b, Measured Bragg peak curve in water at isocentre 
transporting momentum spread of ±0.25% (using slit in ESS) and keeping the 
wedge outside the beamline. c, Measured Bragg peak curve in water at isocentre 
transporting momentum spread of ±1.3% and keeping the wedge inside the 
beamline. The momentum spread after the wedge is ±0.27%. d, Measured Bragg 
peak curve in water at isocentre transporting momentum spread of ±1.3% 

and keeping the wedge and slits outside the beamline. To define the distinct 
characteristics of the Bragg peak, the different ranges of proton beam in water 
are illustrated by the red circles in b–d. The terms R80 and R90 represent the 
proton range at which the Bragg peak (BP) fall-off reaches 80% and 90% of the 
normalized dose, respectively. Fall-off 90–10 and fall-off 80–20 represent BP fall-
off distance between 90% and 10% as well as 80% and 20% of the normalized dose, 
respectively. BP width 90 and BP width 80 represent the Bragg peak width at 90% 
and 80% normalized absorbed dose, respectively.
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2 (ref. 20). Supplementary Table 1 provides a detailed specification of 
the full layout.

The beam optics for this layout have been designed using the 
matrix formalism code TRANSPORT21. The emittance selection col-
limators define the maximum acceptable emittance of 48 π mm mrad 
in the X plane and 100 π mm mrad with a beam envelope in the Y plane 

through the gantry (for the 70 MeV beam) (Fig. 5). In addition, the 
Monte Carlo simulation-based simulation code BDSIM22, previously 
validated experimentally for our beamline8,15, has been used to cal-
culate the transmission of the different energy beams along such a 
beamline. For the lowest-energy beam to be transported (70 MeV), 
the wedge could be made of polyethylene (density, 0.94 g cm–3) with 
dimensions of 8.00 cm height, 8.00 cm width and with a thickness 
of 1.13 cm. The required dimensions of the wedge for higher-energy 
beams are calculated based on the momentum spread of the beam 
after the energy degrader. The use of a wedge at the location of maxi-
mum dispersion, however, substantially increases the emittance of the 
beam in the bending plane. Therefore, to transport higher emittances 
in the X plane, the beam optics after the wedge have been designed 
such that we have a large beam size and low divergence in the first two 
quadrupoles (Q8 and Q9) after the wedge. In this way, the losses can 
be minimized after the wedge and the beam envelope is preserved 
inside the beam pipe downstream of the wedge location, thus achiev-
ing the maximum transmission following the approach proposed in 
our previous study15.

Monte Carlo simulations indicate that the use of the wedge in the 
ESS could reduce the momentum spread of the 70 MeV beam from 
±4.0% to ±0.6% and allowing for transmission of 10.0% from the cyclo-
tron to the isocentre. This is almost a factor of 100 higher transmission 
than current state-of-the-art cyclotron-based facilities (transmissions 
of typically ~0.1%). This is due to three factors. First (1.7 times improve-
ment), the use of a beryllium degrader decreases emittance compared 
with carbon and boron carbide degraders commonly used in PT facili-
ties7. Second (6 times improvement), the use of asymmetric collima-
tors after the degrader allows to maximized emittance and minimizes 
losses. Third and the main reason (~10 times improvement) is the use of 
momentum cooling, along with improved beam optics after the wedge. 
Increases in transmission are also predicted over all the transportable 
energies, with transmissions of 67% being predicted for a 230 MeV 
beam. These transmissions correspond to maximum currents at the 
isocentre of 80 nA for 70 MeV and 536 nA for 230 MeV beams, assum-
ing 800 nA can be extracted from the cyclotron. Transmissions and 
maximum achievable beam currents at the isocentre for all the clinical 
energies are shown in Fig. 6a.

Along with the transmission/dose rate, however, it is also impor-
tant to maintain a small beam size at the isocentre. In our simulations, 
we achieved beam sizes (σ) ranging from 4.0 mm (230 MeV beam) to 
9.5 mm (70 MeV beam) (Fig. 6b), which are similar to some commercial 
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PT facilities (for example, IBA machines)23,24. This combination of ultra-
high beam current and relatively narrow beam sizes at the isocentre 
would provide the maximum dose rates of 952 and 2,105 Gy s–1 on the 
central axis of the Bragg peak (in water) for 70 and 230 MeV beams, 
respectively (Fig. 6c).

Practical realization and clinical relevance
We have experimentally demonstrated that the use of an ESS with a 
momentum cooling wedge, aimed at reducing the momentum/energy 
spread of the beam in a cyclotron-based PT facility, can achieve substan-
tially higher transmission for low-energy beams. This straightforward 
yet elegant approach overcomes the limitations of a typically used 
ESS with slits, by slowing down the particles of higher momentum 
to match the speed of low-momentum particles of the beam. In the 

simulation, we have shown that with a gantry design incorporating this 
feature, we can achieve almost a factor of 100 higher transmissions for 
70 MeV beams compared with conventional cyclotron-based facilities. 
In addition, as the gantry starts just after the degrader, the emittance 
at the entrance of the gantry is symmetric in both planes, resulting in 
gantry-angle-independent beam optics, transmission and beam size 
at the isocentre.

The concept could also be extended to cyclotron-based 
multiple-treatment-room facilities. Most of such facilities use a 
single ESS. To optimize transmissions, we propose to transport the 
maximum acceptable emittance through the beamline, which is dif-
ferent in both transverse planes. Additionally, the wedge-based ESS 
concept increases the emittance of the beam in the bending plane 
and we will, therefore, get different emittances at the entrance of 
the gantry, leading to gantry-angle-dependent beam optics and 
transmission. However, in previous work, it has been shown that 
scattering foils can efficiently equalize the emittances25 in PT beam-
lines, and the use of such a foil between the new ESS and gantry 
entrance to match the emittance in both planes could be employed. 
Although increased emittance caused by the scattering foil would 
somewhat reduce the beam transmission through the gantry, the 
total transmission would still be substantially higher compared 
with conventional facilities.

One of the challenges of the proposed wedge system is that slightly 
different wedge thicknesses need to be used for each 10 MeV energy 
change. For this, a fast, stepped wheel with different, energy-specific 
wedges could be envisaged. Nevertheless, the extent to which the 
transmission increases varies depending on the specific facility, owing 
to variations in distances, apertures, materials and cyclotron energies. 
As such, and as a proof-of-principle study, we have modified IBA Proteus 
One type of single-room gantry design model26 to add momentum 
cooling capabilities. With this design, in simulations, we also achieve 
nearly 3% transmission for a 70 MeV beam, which is almost a factor of 
30 higher compared with the existing design.

Recently, the radiation therapy community has been exploring 
the potential of ultrahigh dose rates in cancer treatment10. Preclinical 
evidence suggests that such dose rates (>40 Gy s–1) could substantially 
improve normal tissue sparing and maintaining high tumour control 
compared with conventional dose rates (~0.1 Gy s–1)27. Currently, FLASH 
dose rates can only be achieved using the highest beam energies (that is, 
those with the best transmissions through the beamline and gantry) in 
transmission (shoot-through) mode28,29. Unfortunately, this approach 
sacrifices the principal advantage of particle therapy, that is, the use of 
the Bragg peak to completely spare normal tissues distal to the tumour. 
As demonstrated in our simulation study, however, by using momen-
tum cooling in the beamline, it is possible to achieve a dose rate of 952 
and 2,105 Gy s–1 at the Bragg peak (in water) for the 70 and 230 MeV 
beams, respectively. When combined with the use of field-specific ridge 
filters30–32, this will allow for Bragg-peak-based FLASH PT.

In addition, despite the substantial dosimetric advantages of 
pencil-beam-scanning33,34 PT over conventional radiotherapy, chal-
lenges still remain to optimally treat mobile tumours, that is, tumours 
in the thorax and abdomen that are substantially affected by breathing 
motion35–37, as well as worries over the substantial costs associated 
with the technique38. The use of momentum cooling could potentially 
help with both.

First, delivery uncertainties due to motion can be substantially 
reduced if patients can be treated within a single breath-hold. The 
ultrahigh dose rates that could be achievable using momentum cool-
ing, in combination with methods for optimizing (minimizing) the 
number of pencil beams in pencil-beam-scanning PT39,40, will allow for 
field deliveries well within a single breath-hold (<5 s)11 even for the treat-
ment of moving targets with increased patient comfort. Even two-field 
treatments could possibly be delivered within 20–25 s, which could 
also be achievable for patients using deep-inspiration breath-hold41. 
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Such an approach has the potential to open new windows for treating 
different types of cancer with PT.

The second impact of high transmission may come in terms of 
investment cost reduction. For most PT facilities, based on the radia-
tion protection requirement of the specific country, the shielding 
is designed based on the maximum achievable beam current at the 
highest energy of the beam. However, in current cyclotron-based PT 
facilities, due to the poor transmission for low-energy beams, it is 
required to extract a higher beam current (~800 nA) from the cyclotron. 
This led to thick concrete shielding around the facility and results in 
a substantial increase in investment cost. Due to higher transmission, 
the use of momentum cooling allows the users to limit the maximum 
beam current required from the cyclotron, as fast treatments (for 
example, single deep-inspiration breath-hold delivery) may already 
be possible with cyclotron currents as low as 50 nA. Therefore, the ESS 
with momentum cooling proposed here enables the development of 
highly compact (in terms of shielding) PT facilities, thus substantially 
reducing the size and cost of PT.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41567-023-02115-2.
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Methods
Beam-optics design and optimization
Matrix formalism code TRANSPORT21 has been used to design the 
beam optics for our single-room gantry design. Since TRANSPORT 
cannot simulate the beam passing through the material, the beam 
optics were optimized independently for the following three sections 
of the beamline: (1) cyclotron exit to energy degrader, (2) exit of energy 
degrader to wedge location and (3) exit of the wedge to the isocentre; 
furthermore, we redefined the beam parameters at the transition 
points (exit of degrader and exit of wedge). For the first part, the beam 
optics are designed to focus the 250 MeV beam at the centre of the 
energy degrader to achieve a minimum increase in beam size after the 
degrader. At the exit of the degrader, the dispersion function is zero 
and we have a beam waist. At the start of the second part, we define 
beam parameters of 4 mm beam size and 12 mrad divergence in the X 
plane (48 π mm mrad emittances) and 4 mm beam size and 25 mrad 
divergence in the Y plane (100 π mm mrad emittances). For the beam 
with a momentum spread of zero, the beam optics were designed to 
achieve 2:1 imaging (in the bending plane) between the degrader exit 
and wedge location. This means that in the bending plane (in our case, 
the X plane), we will get a very small beam size of 2 mm at the wedge 
location. However, for low-energy beams, the momentum spread in 
the beam is about ±4%. Therefore, due to the dispersion introduced 
by dipole magnet D1, we get a large beam size of 45 mm at the wedge 
location with the proper distribution of momentum. However, there 
is no dispersion in the Y plane and here the beam size at the wedge 
location is about 7.5 mm with ~14 mrad divergence. When the beam 
passes through the wedge, we get almost similar beam momentum 
with a momentum spread of ±0.2% to ±0.6% depending on the energy 
of the beam. After the wedge, we get a minimum increase in emittance 
in the Y plane as the scattering contribution is smaller compared with 
the beam divergence at the entrance of the wedge. However, there will 
be a substantial increase in beam emittance after the wedge in the X 
plane depending on the energy of the beam. Therefore, the beam 
optics for the third part (wedge to isocentre) is separately designed 
for every 10 MeV beam from 70 to 230 MeV. Similar to the exit of the 
degrader, at the exit of the wedge, we have zero dispersion and beam 
waist. We designed the beam optics to achieve a 10 mm beam size 
(2σ) in a vacuum and achieving zero dispersion and double waist at 
the isocentre.

Monte Carlo simulations
TRANSPORT cannot calculate beam losses along the beamline. To 
calculate the transmission, momentum spread (after degrader and 
after wedge), dispersion function of the beam as well as the beam size 
at the isocentre and along the beamline, Monte Carlo simulations 
were conducted. These simulations utilized the BDSIM 1.4.1 Monte 
Carlo simulation toolkit. BDSIM is a powerful tool based on the Geant4 
toolkit, capable of simulating diverse beamline components and mag-
nets using Geant4 geometry. It provides accurate predictions of beam 
losses in particle accelerator/beamline components. The beamline 
settings were optimized with TRANSPORT, and the simulations were 
performed with the newly optimized beam optics. In our previous 
beam optics study, we built a model of PSI’s PROSCAN beamline and 
Gantry 2 in BDSIM and validated it with the measurements8. For this 
study, we modified the PSI’s Gantry 2 beamline and developed a model 
of a single-room gantry facility with momentum cooling in BDSIM. We 
used the same geometry as PSI’s wedge degrader42. The calculations 
have been performed with the physics list based on the recommended 
modules for PT (G4StoppingPhysics, G4EmStandardPhysics_option4, 
G4HadronPhysicsQGSP_BIC_HP, G4HadronElasticPhysicsHP and 
G4EmStandardPhysicsWVI)8. Each simulation has been performed 
three times with 10 million initial particles to minimize statistical 
error. To experience the systematic uncertainty due to the choice 
of physics model in the transmission calculation, we repeated the 

simulations using two different physics models, namely, G4Hadron-
PhysicsQGSP_BIC_AllHP and G4HadronPhysicsQBBC. Transmission 
differences between the two physics models were within ±2.5% (ref. 8).
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