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Abstract
Objective. In pencil beam scanning particle therapy, a short treatment delivery time is paramount for
the efficient treatment ofmoving targets withmotionmitigation techniques (such as breath-hold,
rescanning, and gating). Energy and spot position change time are limiting factors in reducing
treatment time. In this study, we designed a universal and dynamic energymodulator (ridgefilter, RF)
to broaden the Bragg peak, to reduce the number of energies and spots required to cover the target
volume, thus lowering the treatment time.Approach. Our RF unit comprises two identical RFs placed
just before the isocenter. Both RFsmove relative to each other, changing the Bragg peak’s
characteristics dynamically.We simulated different Bragg peak shapeswith the RF inMonte Carlo
simulation code (TOPAS) and validated them experimentally.We then delivered single-field plans
with 1 Gy/fraction to different geometrical targets inwater, tomeasure the dose delivery time using
the RF and compare it with the clinical settings.Main results.Aligning the RFs in different positions
produces different broadening in the Bragg peak; we achieved amaximumbroadening of 2.5 cm.With
RFwe reduced the number of energies in a field bymore than 60%, and the dose delivery time by 50%,
for all geometrical targets investigated, without compromising the dose distribution transverse and
distal fall-off. Significance. Our novel universal and dynamic RF allows for the adaptation of the Bragg
peak broadening for a spot and/or energy layer based on the requirement of dose shaping in the target
volume. It significantly reduces the number of energy layers and spots to cover the target volume, and
thus the treatment time. This RF design is ideal for ultra-fast treatment delivery within a single breath-
hold (5–10 s), efficient delivery ofmotionmitigation techniques, and small animal irradiationwith
ultra-high dose rates (FLASH).

Introduction

Particle therapy uses the Bragg peak and thus theirmore localized dose deposition in tissues, thus delivering
more conformal radiation delivery and less integral dose. Pencil beam scanning (PBS) is themost advanced
particle therapy delivery techniquewhichwas brought into clinical practice at Paul Scherrer Institute (PSI) in
1996 (Pedroni et al 1995, Lin et al 2009). PBS provides better dose distribution conformity and also better spares
healthy tissues when comparedwith equivalent photon plans (Lomax et al 1999, Ladra et al 2014). However, PBS
is especially prone to uncertainties caused by anatomical changes and target/tissuemotion during the treatment
(Phillips et al 1992, Bert et al 2008, Lomax 2008). Guidelines for treatments ofmoving target explicitly require
motionmitigation techniques to reduce the interplay effect between themotions of the patient and the beam
delivery (Chang et al 2017).
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PBS treatment delivery could benefit considerably from shorter treatment delivery times. A shorter field
delivery durationwill improve patient comfort. Hypofractionationwith short treatment delivery time could also
increase patient throughput and reduce treatment costs for a relatively expensivemodality (Verma et al 2016).
Shorter treatment delivery timeswould increase efficiency of treatments usingmotionmitigation techniques
such as gating (Ohara et al 1989), rescanning (Zenklusen et al 2010,Mori et al 2013, Schätti et al 2013), and
breath-hold (Hanley et al 1999, Dueck et al 2016) or any combination of these techniques.

Treatment delivery timewith 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. Beam-on time can be reduced
significantly by using high-intensity beams (Maradia et al 2021a, 2021b, 2021c, 2022a, 2022b) and dead time for
lateral position change can be reduced by reducing the number of spots, e.g. using spot-reduced treatment
planning (VanDeWater et al 2020). Combining both could even enable single (eventually hypofractionated)
fields to be deliveredwithin a single breath-hold (Maradia et al 2022c), and could be an important enabler of
proton FLASH techniques (van deWater et al 2019, Jolly et al 2020a). However, with shorter treatment times the
time required to change energy becomes a limiting factor.

Particle therapy centers use cyclotrons, withfixed extraction energy, or synchrotrons, which can adjust
energy pulse-to-pulse. A synchrotron-based facility produces sharper Bragg peaks at lower energies compared to
a cyclotron-based facility. Similarly, particle beams (i.e. carbon and helium) have sharper Bragg peaks compared
to proton beams (Wang et al 2017). This will have an impact on the number of energy layers required for
planning, and, in turn, on the irradiation time. For cyclotron-based facilities, the energy change time ranges
from80 to 900 ms (Giovannelli et al 2022). However, formost synchrotron-based facilities, it is even slower
ranging from200 to 2000ms (Giovannelli et al 2022). Thus, reducing the number of energy layers would
improve the beamdelivery efficiency.

Oneway to reduce the number of energy layers (and in turn, the number of spots) required to cover the full
target volume is to broaden the Bragg peak by using a ridge filter (RF). Over the last two decades,manyRF
designs were proposed and used clinically for particle therapy (Grevillot et al 2015), some field- and patient-
specific (Sakae et al 2000, Kostjuchenko et al 2001, Akagi et al 2003), othersmore universal (Fujitaka et al 2009,
Matsuura et al 2016, Ringbæk et al 2018).Moreover, in the last couple of years interest in RFs increased
significantly due to growing interest in ultra-high dose rate (FLASH) experiments with animals and for planning
studies with real patient cases (Patriarca et al 2018, Jolly et al 2020b). The drawback of RFs is increased lateral and
distal fall-offs of the beam,which can affect dose conformity. Therefore, we propose a newuniversal RF design to
dynamicallymodulate, within the delivery of individual fields, the characteristics of the Bragg peak (i.e.
broadening, distal fall-off of the beam), for a spot and/or energy layer based on the requirement of the dose
shaping.

In this article, we propose a newRF unit that comprises two identical RFs placed just before the isocenter.
BothRFs aremovable relative to each other to change the Bragg peak’s characteristics dynamically.We designed
the RFusingMonte Carlo simulations validated againstmeasurements performed at the PSIGantry 2 facility.
We then delivered single-field planswith andwithout RF to three different geometrical targets inwater, to
evaluate uniformity, penumbra, and treatment time reduction. In this article, we studied the performance of our
dynamic RF onlywith protons. However, we expect themethod described in this paper to be applicable to other
particle therapy facilities as well.

Methods

Concept behind the newRFdesign
Our dynamic RFunit consists of afirst (M) and a second (N)RF. These RFs are arranged transversally in line
after each other along the proton beampath. TheM-RF ismovable relative to theN-RF to vary the energy/
momentum spread of beamdynamically. Depending on the relative positions of the RFs, protons will see
different thicknesses ofmaterial, and therefore loose different energy and generate different Bragg peakswith
variable broadening. Figure 1 illustrates a proposed RF unit comprisingM- andN-RF.

Infigure 1(a), the RFsMandN are displaced relative to each other in such away as to causeminimum
broadening in the Bragg peak, by positioning theM-RF so that the peaks of its ridges alignwith the valleys of the
N-RF. In this case, protons passing through theM-RF at a peakwill pass through theN-RF in a valley and
vice versa. In this configuration, the RF unit acts as a range shifter.

Infigure 1(b), the RFsMandN are displaced relative to each other in such away as to causemaximum
broadening in the Bragg peak, by positioning theM-RF so that the peaks of its ridges alignwith the peaks of the
N-RF.Whenmatching peakwith peak and valley with valley, wewill getmaximumenergy/momentum spread.
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The displacement between theRFs can be varied continuously between the extremes shown infigure 1(a)
andfigure 1(b), respectively; therebymoving the two ridges relative to each other, any possible broadening
betweenminimumandmaximum can be obtained, as desired for the treatment.

Realization
TheRF shapewas created through an iterative design process with the aimof achieving a uniformdepth dose
curve spread of a severalmillimeters with a fall-off comparable to a pristine Bragg peak for all energies
commonly utilized for treatments at our clinic (70–230MeV). Selecting thematerial was the first step in
designing the RF. It was selected to reduce themultiple coulomb scattering-related increase in beam size. The
scattering probability decreases formaterial with high radiation length. Therefore, polyethylenewould have
been the idealmaterial due to its low radiation length (44 g cm−2) and lowdensity (0.88–0.96 g cm−3). However,
it is incompatible with stereolithographic (SLA) 3Dprintingwhich is available at our institute. Therefore, for the
first proof of principle study, we used resin (radiation length: 40 g cm−2 and density: 1.19 g cm−3). However,
one couldmanufacture RFmade of polyethylenewith aCNCmachine and/or industrial 3D printer. Second, we
determined the period of the ridges and themaximumbroadeningwewished to obtain. The former is
influenced by thematerial’s water-equivalent depth, while the latter is influenced by the beam size.Wewere able
to produce a depth dose curve independent of the beamposition by selecting amaximum thickness of 4 cm,
2 cmper single ridge, and a period of 0.55 cm. Finally, thefinal dose distributionwas produced by optimizing the
RF shape (e.g. the base thickness and ridge slope), taking into account printing restrictions on the peakwidth.

Figure 2 shows one unit of the designedRF, which has amaximum thickness of 2 cm andminimumof
0.5 cm. It features a one-dimensional periodic structure with a 0.55 cmperiod orthogonal to the beamdirection.
The RFwas realized utilizing stereo lithography (SLA), a 3Dprinting technique that results in higher resolution
shapes than conventional 3Dprinting. Infigure 2, we present a picture of the printed design. One could see the
slight damage close to the left edge of the RF. This damagewas accruedwhile handling the RF after the
measurements.

Simulation environment
In the design process, to generate the depth dose curves and the phase space of the beamwithRF, taking into
accountmulti-coulomb scattering, secondary particle production, and energy straggling effects, we usedMonte
Carlo simulations performed in TOPAS (TOol for PArticle Simulation) (Perl et al 2012), an extension for radio-
and proton therapy of theGeant4 simulation toolkit (Agostinelli et al 2003).We built amodel of PSI’s Gantry-2
beamdata (Safai et al 2012) in TOPAS and benchmarked it againstmeasurements (Winterhalter et al 2018).We
utilized the suggested (Faddegon et al 2020) defaultmodular physics list for the simulation given in this study
(G4EMLOW6.48, G4NDL4.5, PhotonEvaporation3.2, RadioactiveDecay4.4, G4SAIDDATA1.1,
G4NEUTRONXS1.4, G4PII1.3, G4ABLA3.0, G4ENSDFSTATE1.2.1, G4TENDL1.0).We are scoring the dose to
water in a cylindrical detector of 35 cm length and 4 cm radiuswith 3500 bins along the zdirection (0.01 cm

Figure 1.Different configuration of RF.
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each). The cylindrical detector is located at the isocenter. For all simulation, we usedG4_water with the
ionization potential of 78 eV. The beam source is 48 cmupstreamof the isocenter and the RF is placed just
before the isocenter. To decrease statistical error, simulationswith 10million protons were performed.

Experimental setup
Proton beammeasurements of Bragg curves and lateral dose profiles were carried out at PSIGantry 2 (Pedroni
et al 2004). Depth dose curves inwaterweremeasured using a large plane-parallel ionization chamber (PTW
34070)mounted on a range scanner (figure 3(a)), whilst a charge coupled device (CCD) camera with a
scintillating screenwas used tomeasure the lateral beamprofiles. PMMAplates were installed on top of the
scintillating screen tomeasure lateral profiles at different depths (figure 3(b)). Nozzle to isocenter distance was
maximized (47.6 cm) to increase the beam size before the RF and reduce the risk of ripples in the transverse dose
distribution, whilst the RFwas placed close to the isocenter (1 cm). This has a beneficial effects on the lateral
penumbra but alternativelymight cause ripples. However, we found that shifting the RFup to 10 cm away from
the isocenter has virtually no effect on the beam size, therefore this choice does not affect our results.

Phantomplanning study
The spot positioning and the dose calculation on geometrical targets were carried out using an in-house
developedMATLAB script for experimental use. Using this code, wewere able to calculate the dose distribution
inwater for simple geometries placed at various depths. Each planwas first calculated using pristine Bragg peaks
and then utilizing the new depth dose curves generatedwith the RF. The dose distributionwas calculated on a

Figure 2.RF printedwith SLA technique and dimensions of the RF.

Figure 3.Experimental setup: (a) range scannerwithRF placed closed to the isocenter, (b)CCDcamerawith PMMAplates andRF.
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regular spot grid (in the transverse plane) of 0.4 cm for a singlefield. For thefirst proof or principle study, we
wanted to cover all possible scenarios (different shapes, sizes, and depths). Therefore, we decided to use three
different geometric targets (Box, sphere, and cylinder), with different volumes and different depths. In table 1,
we illustrate the target shape, size, position, and the delivered dose.

Calculation of the delivery time
By studying themachines logfiles, wewere able to determine the dose delivery time and to isolate all
contributions to treatment time (spot changing time, energy layer changing time, and beam-on time). The
beam-on time is the time required to deliver the dose and the dead time is the sumof spot and energy layers
changing time. The time required to change the spot location in theU andT directions determines the spot
changing time.

Spread out Bragg peak (SOBP) generation
Even though our RF allows all possible combinations, in this studywe decided to stick to the two simplest cases:
fullmaximumbroadening, and a combination ofmaximumandminimumbroadening.We generated SOBPs in
these two configurations and evaluated their quality (against no-RF SOBPs) looking at two quantities: first, in
terms of dose uniformity (Arjomandy et al 2019), defined as the ratio:

=
-
+

· ( )DU
d d

d d
100, 1max min

max min

where dmax and dmin are themaximumandminimumdosewithin the SOBPwidth (defined as the distance
between the proximal and distal 90%dose) (Arjomandy et al 2019), respectively; second, looking at distal fall-
off, defined as the distance along the beam axis where the dose inwater reduces from80% to 20%. The number
of required energies varies depending on the desired uniformity. However, increasing the number of energies
lengthens the treatment delivery time. Consequently, a good compromise between time reduction and dosage
homogeneity is required. In our case, we opted to reduce the number of layers while keeping a dose uniformity
below 1%.

Results

In this section, wewill discuss thefindings of our simulations and compare them tomeasurements.Wewill start
by examining the depth dose curves generatedwith three distinct RF’s configuration, then look at the SOBP in
terms of lateral fall-off and uniformity. The influence of the RF on the dose profile will be investigated, and the
penumbra andflatness will be compared to dose distributions without RF. Following that, wewill demonstrate
experimentally how, using theRF, wemay reduce the delivery time for geometrical phantoms.

Effect of RF on the integral depth-dose curves
Depending on the position of RFswe can generate different kinds of broadening in the depth dose curve. In
figure 4, we show the simulated Bragg peak inwater after the beamhas gone through three distinct RF’s
configurations. Infigure 4(a), theM-RF valleys are alignedwith theN-RF peaks, resulting in negligible Bragg
peak broadening. The Bragg peakwidth (defined as the distance between the proximal and distal 80%dose
curves) (Arjomandy et al 2019) is on average 0.9 cm. Infigure 4(b) theM-andN-RFs are aligned, resulting in
maximumdepth dose curve broadening (with an averagewidth of 2.65 cm). OneRF-generated depth dose curve
can replace up to ten pristine Bragg curves. Figure 4(c) shows an intermediate position shift of theM-RF peaks
with respect to theN-RF peaks, which results in awidened Bragg curve. Due to the current experimental
limitations of not having amotorized drive to accurately align the twoRFs, we have benchmarked only the
minimumandmaximumbroadening configurationswith data.

Themeasured depth dose curves producedwith theRF in the position ofminimal broadening are compared
against TOPAS simulations infigure 5(a). Themeasured distal fall-off confirms expectations at low energies, but

Table 1.Target’s dimension (T andU are the dimensions perpendicular to the beamdirection (z)), position and dose prescription.

Target Dimensions (Volume,T xU x z) Half-SOBPdepth [cm] Dose [Gy]

Sphere 905 cm3 (r=6 cm) 15/10 1

Box 1 4080 cm3 (12 cm× 20 cmx 17 cm) 12.5 1

Box 2 272 cm3 (4 cm× 4 cm× 17 cm) 12.5 1

Box 3 64 cm3 (4 cm× 4 cm× 4 cm) 11/13/15/17 1

Cylinder 214 cm3 (r=2, l=17 cm) 12.5 1

5
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it is smaller at high energies. Thewidth of the peak is unchanged.However, for the configurationwhere the
peaks of one RFmatch the peaks of the other, wefind a small difference between themeasured and generated
curves (see figure 5(b)). The distal fall-off is consistent with simulations, although the observed curve uniformity
varies from3% to 4% for low-energy beams to 1% for high-energy beams.

We assume that differentmomentum spread values cause themismatch in the distal fall-off between
measurement and simulations. The deviation in uniformity is probably due to the limited quality of the printing.

SOBP comparison
Figure 6 shows a comparison between a 12 cmSOBP generatedwith ((b) and (c)) andwithout RF (a).
Additionally, the SOBPwith the RF ((b) and (c)) are comparedwithmeasurement and show a good agreement
with the simulations results, except for a smallmismatch of distal fall-off, as previously discussed.

Without RF, 53 energy layers (with 1.5 MeV energy steps) are required to achieve aDUbetter than 1%. This
is due to the high number of lowweighted pristine Bragg peaks in the center of the target.With the help of the
RF, we can lower the energy layers required to 15, whilemaintaining a uniformity below 1%. In this
configuration, though, the distal fall-off increases from0.56 to 0.72 cm, as shown infigure 6(b). However, the
dynamic nature of our RF allows combining two configurations (maximumandminimumbroadening); in this
third scenario (a sort of ‘hybrid’ configuration)we can limit the increase in distal fall-off and achieve a result
similar to that obtainedwithout RF (0.6 cm), as illustrated infigure 6(c). On the other hand, this will increase the
number of energy layers by just one or two in comparison to scenario (b).

Figure 4.TOPAS simulations of the depth dose curvewith the RFs aligned in three different positions.

Figure 5.Comparison betweenmeasurements (dot line) andTOPAS simulations (full line). The RF is positioned in theminimum (a)
andmaximum (b) broadening configuration.
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The comparison data-simulation has been performed for several SOBP at different depths.We found, that
with the help of the RF, we can lower the number of energy layers from63% to 75%, depending on the
dimension and position of the target, without compromises in distal fall-off and uniformity of the SOBP.

Effect of the RF on the Lateral fall-off andflatness
The dose profile perpendicular to the beamdirectionwasmeasuredwith theCCDcamera at various depths of a
cubic and a spherical target in a Plexiglas phantom irradiatedwithout andwith the RF (in themaximum
broadening configuration). Figure 7 shows the dose distributionwith RF aswell as the horizontal and vertical
profiles.We compare the two distributions in terms of penumbra (the distance perpendicular to the beam axis at
which the dose inwater at a certain depth drops from80% to 20%) (Arjomandy et al 2019) andflatness defined
as:

⎜ ⎟
⎛
⎝

⎞
⎠

º
-
+

· ( )F
d d

d d
100, 2L

max min

max min

with dmax and dmin themaximal andminimal dose about the center of the beamprofile over 80%of the FWHM
at a depth of interest, respectively (Arjomandy et al 2019).

The sphere and boxmeasured dose profiles (figures 7(a) and (b)) are comparable to the profiles without RF.
For both the x- and y-profiles, the flatness is less than 1%, and the penumbra is nearly unchangedwith respect to
the casewithout RF.

In particular, for the sphere, the penumbra is 0.63 cm for the horizontal profile and 0.65 cm for the vertical
profile. The horizontal profile is the samewithRF aswithout, but the vertical profile is 1.04 times larger due to

Figure 6. 12 cm (4–16 cm) SOBP generatedwith andwithout RF is compared. (a) SOBP createdwithout RFwith 53 energy layers
(1.5 MeV energy steps). (b) SOBP generatedwith the RF in the configuration of theM- andN-RFs being aligned. (c) SOBP achieved by
combining themaximumandminimumbroadening depth dose curves. In (b) and (c) the simulated curve is benchmarkedwith the
measured data.

Figure 7.Dose profile perpendicular to the beamdirectionwith the RF. (a) Sphere of 2 cm radiusmeasured at 17 cmdepth. (b)Box of
4 cm lateral sizemeasured at 16 cmdepth.
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the ridges of the RF. For the box, the penumbra is 0.57 in the horizontal and 0.6 cm in the vertical profile with
andwithout RF.

Delivery time reductionwithRF
Toprove experimentally the advantages of the use of the RF,we deliver different plans createdwith the
geometrical shapes presented in table 1 andmeasured the delivery timewith andwithout RF.

Table 2 shows how theRFmay be utilized to reduce dead time and examines its impact dependent on the
form, size, and depth of the target. Infigure 7, we compare the total delivery time analyzing each contribution
(beamon time, spot and energy layer changing time)with andwithout RF separately. In this work, we consider
only the configuration ofmaximumbroadening; however, since the ‘hybrid’ configuration offigure 6(c)
increases the number of energy layers only by 1 or 2, these delivery times are basically valid also for the hybrid
configuration.

Compared to a planwithout a RF, a planwith a RF reduces the number of energy layers and, as a result, the
number of spots. Depending on the shape and position of the target, the number of spots can be lowered from
60% to 70%, and the energy layers from17% to 70%. The overall dead time reduction for boxes is slightly higher
than for spherical targets, but it ismore than 50% in both cases (it varies from55% to 65%). This is because the
most significant benefit for the spherical target is a reduction in the number of spots (up to 62%)while the
number of energy layers required remains almost unchanged. For box targets, on the other hand, energy layer
time reductions contribute almost asmuch as spot number reduction, thus resulting in a higher dead time
reduction.

Overall delivery time can be reduced by 40%–50% for all evaluated targets; however, the reduction is greater
for boxes andmore superficial targets.With the help of the RF, the delivery time for geometrical targets of
200 cm3 or less can be reduced to less than 10 s, as shown in figure 8.

Robustness analysis
Beamangle
InGantry 2, since the steeringmagnets are situated upstreamof the last bendingmagnet, the beam is almost
completely perpendicular to the patient (parallel scanning), with only small variations of a fewmrad.We
investigated how the Bragg curve changes when the beamhas an angle of 2 or 4mrad, which is themaximal
variation inGantry 2 PSI. The results for a 100MeVbeam are shown infigure 9(a).We found that this
divergence has no effect on the depth dose curve. Furthermore, we found that beam angles up to 35mrad do not
affect the depth dose curve. Therefore, our RF could be used in gantries with downstream scanning for small
targets.

Spot scanning
As the energy of the beamdiminishes, the beam’s size increases. Due to the 0.55 cmwidth of a single ridge, we
may see differences depending onwhether the beam’s center is in the valley or the peak.We investigate this
phenomenon by simulating the depth dose curve inwater for different energies. As example, we illustrate in
figure 9(b) how the location of the beam’s center affects the depth dose curve’s shape of a 100MeVbeam
(σx≈σy≈0.48 cm in air at the isocenter). As shown, wemaymove the beam in theU andT directions without

Table 2.Comparison between thefield characteristics for plans on simple geometrical targets in water with andwithout RF: number of spots,
number of energy layers, dead time (given by the sumof spot and energy layers changing time), and delivery time decrease.

Object (depth)
Number of spots

without RF

Number of

spots with RF

Number of energy

layers without RF

Number of

energy layers

withRF

Dead time

decrease [%]
Delivery time

decrease [%]

Sphere

(15 cm)
14 049 5425 30 24 54.8 40.1

Sphere

(10 cm)
14 017 5220 30 24 56.1 45.6

Cylinder 2898 1104 29 16 56.4 44.2

Box 1 56 982 22 736 42 16 61.5 42.1

Box 2 3402 1296 42 16 57.6 44.4

Box 3 (17 cm) 810 243 10 3 65.5 50.1

Box 3 (15 cm) 810 243 10 3 64.7 50.1

Box 3 (13 cm) 810 243 10 3 65.2 50.8

Box 3 (11 cm) 810 243 10 3 64.8 50.7
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compromising the uniformity of the SOBP, and thuswe can change the spot positionwithout affecting the depth
dose curve.

Misalignment uncertainty
The effect of themisalignment between the two sides of the RF on the shape of the SOBP is an important error to
consider.We simulated the effect of shifting the upper side by 0.5 mmand 1mm.Thefindings for a 100MeV
beamare shown in figure 9(c).We observe that a 1 mmmisalignment has a non-negligible impact on the Bragg
curve’s shape. The initial dose is lower, and homogeneity is reduced to+/− 10%. For lower energies, the effect is
more pronounced. To avoid RF alignment issues, the system should be able to set the ridges positionwith a
precision better than 0.5 mm.

Discussion

In this work, we have experimentally demonstrated the feasibility of the universal and dynamic RF to generate
Bragg peakswith different broadening as desired for the treatment. As shown infigure 4, whenwe align the two
RF in away that the peak ofM-RFmatches the peak of theN-RF, we get amaximumbroadening of 2.5 cm in the
Bragg peak.However, whenwe align the peak ofM-RF to the valley ofN-RF, we get a shift in the Bragg peak
without a strong change in Bragg peak size. Additionally, based on the alignment of twoRFs between these two
extreme cases, we can achieve different broadening in the Bragg peak. The RF unit is dynamic and can be adapted
for different energy layers and/or for spots near to edges of the tumor to achieve the optimal broadening while
sparing healthy organs. This is shown in the example offigure 6(c), wherewe dynamically changed the position
between peak-to-peak and peak-to-valley alignment for the distal energy layers, to improve the distal fall-off.

Figure 8.Comparison between the delivery timewith andwithout RF for three simple geometrical water phantoms: (a) sphere of
904 cm3 at 10 cm, (b) cylinder of 214 cm3 at 12.5 cm, (c) box of 4080 cm3 at 12.5 cm, (d) box of 64 cm3 at 11 cm.

Figure 9.Analysis of the robustness of the RFunder possible errors andmisalignments for a 100 MeVbeam. (a)The beamhits the RF
with 0, 2 and 4mrad angle to the normal of the RF’s surface. (b)The beam’s center is on the valley, on the peak or on a position
between the two. (c)TheM-RF is not alignedwith theN-RF,we consider 0.05 and 0.1 cmmisalignment.
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As shown infigure 6, by using a peak-to-peak configuration, we can reduce the number of energies required
to generate a uniform 12 cmSOBPby 70% compared to the reference SOBP generatedwith pristine Bragg peaks,
with slightly worse distal fall-off. The ‘hybrid’ configuration,mixing peak-to-peak and peak-to-valley, improves
the distal fall-off with only a negligible increase in the number of energy layers (in the example, only 1 energy
layer). Therefore, with our dynamic RF, it is possible to reduce the number of energy layers bymore than a factor
3without compromising the distal fall-off. Additionally, we found no compromise in neither flatness nor lateral
penumbra.

To see the effect on dose delivery timewith RF (peak-to-peak configuration), we irradiated different
geometrical shapes at our facility withGantry 2. As shown infigure 7, with the use of RFwemanaged to reduce
the dose delivery time by 50%with an energy switching time of approximately 100 ms. This reduction in delivery
timewill be facility dependent, as it will depend on planning strategy and energy switching times; however, for
most facilities worldwide, our RF designmay result in a dose delivery time reduction by 50%–80%, considering
an energy change time between 300 and 2000ms.Moreover, a synchrotron produces sharper Bragg peaks than
cyclotrons; particularly for shallow targets, that usually requiremany energies, our RF design could bring
significant advantages for synchrotron-based facilities with all types of particles, and could reduce treatment
delivery time by 80%–90% compared to conventional deliverywithout a RF (Wang et al 2017).

As a part of the feasibility study, we also performed an extensive robustness analysis. Our RF designworks
perfectly with parallel beams (parallel scanning) and it is independent of spot position. Themain limitation
comeswith downstream scanning: in this case, our RFworks only for a small scanning area of 16 cm× 16 cm.
Additional challenges to practical realization in the clinic is the high alignment accuracy required (greater than
0.5 mm), and the speed of themotor drive needed to use the dynamic nature of the RFwithout adding dead time.

Our treatment delivery techniquewith RF is currently at the experimental stage; for clinical translation,
further intensive investigation of treatment planningwith different tumors is necessary.We are currently
investigating an implementation in our in-house treatment planning systemof plan optimizationwith different
configurations of the RF (including the ‘hybrid’ one).

In our proof of principle studywe have shown experimentally a RF design that adapts the Bragg peak
broadening for a spot and/or energy layer based on the requirement of the dose shaping. Additionally, our RF
could be already used for small animal irradiation studies with FLASHdose rates, as the peak-to-peak
configuration of our RF gives 2.5 cmSOBP for low energy beams. In a longer term, this innovation could enable
ultra-fast treatment delivery, with positive impact on efficiencywhen usingmotionmitigation techniques,
clinical implementation of FLASH irradiations, patient throughput, and costs of treatment.

Conclusion

In this article, a concept for a dynamic and universal RF has been introduced and its ability to achieve variable
Bragg peak broadening demonstrated using bothMonte Carlo simulations andmeasurements.With the design
described here,maximumbroadenings of the Bragg peak up to 2.5 cm could be achieved and the number of
energy layers required to generate different SOBP could be reduced by a factor of three independently of
maximumenergy, corresponding to a reduction in delivery time of 50%without compromising flatness or
penumbra. As this design is not patient-specific or beammodel-specific, it is easily adaptable for other particle
therapy facilities (both, cyclotron and synchrotron-based facilities) too.

In addition, bymoving the RF a fewmillimeters, the new design providesflexibility in selecting different
Bragg peak broadenings for a spot and/or energy layer based on the requirement of the target shapewithout
making any changes in beamline or nozzle design. As such, it could potentially ease the treatment ofmobile
tumors using currently time consuming techniques such as gating and breath-hold.
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