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Abstract

Background: Cyclotron-based proton therapy systems utilize the highest proton energies to 

achieve an ultra-high dose rate (UHDR) for FLASH radiotherapy. The deep-penetrating range 

associated with this high energy can be modulated by inserting a uniform plate of proton-stopping 

material,known as a range shifter, in the beam path at the nozzle to bring the Bragg peak within 

the target while ensuring high proton transport efficiency for UHDR. Aluminum has been recently 

proposed as a range shifter material mainly due to its high compactness and its mechanical 

properties. A possible drawback lies in the fact that aluminum has a larger cross-section of 

producing secondary neutrons compared to conventional plastic range shifters. Accordingly, an 

increase in secondary neutron contamination was expected during the delivery of range-modulated 

FLASH proton therapy, potentially heightening neutron-induced carcinogenic risks to the patient.

Purpose: We conducted neutron dosimetry using simulations and measurements to evaluate 

excess dose due to neutron exposure during UHDR proton irradiation with aluminum range 

shifters compared to plastic range shifters.

Methods: Monte Carlo simulations in TOPAS were performed to investigate the secondary 

neutron production characteristics with aluminum range shifter during 225 MeV single-spot 

proton irradiation. The computational results were validated against measurements with a pair of 

ionization chambers in an out-of-field region (≤ 30 cm) and with a Proton Recoil Scintillator-Los 

Alamos rem meter in a far-out-of-field region (0.5–2.5 m). The assessments were repeated with 

solid water slabs as a surrogate for the conventional range shifter material to evaluate the impact 

of aluminum on neutron yield. The results were compared with the International Electrotechnical 

Commission (IEC) standards to evaluate the clinical acceptance of the secondary neutron yield.
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Results: For a range modulation up to 26 cm in water, the maximum simulated and measured 

values of out-of-field secondary neutron dose equivalent per therapeutic dose with aluminum 

range shifter were found to be (0.57 ± 0.02) mSv/Gy and (0.46 ± 0.04) mSv/Gy, respectively, 

overall higher than the solid water cases (simulation: (0.332 ± 0.003) mSv/Gy; measurement: 

(0.33 ± 0.03) mSv/Gy). The maximum far out-of-field secondary neutron dose equivalent was 

found to be (8.8 ± 0.5) μSv∕Gy and (1.62 ± 0.02) μSv∕Gy for the simulations and rem meter 

measurements, respectively, also higher than the solid water counterparts (simulation: (3.3 ± 0.3) 

μSv∕Gy; measurement: (0.63 ± 0.03) μSv∕Gy).

Conclusions: We conducted simulations and measurements of secondary neutron production 

under proton irradiation at FLASH energy with range shifters. We found that the secondary 

neutron yield increased when using aluminum range shifters compared to conventional materials 

while remaining well below the non-primary radiation limit constrained by the IEC regulations.
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1 | INTRODUCTION

Proton therapy has gained increasing interest in past decades as it offers superior dose 

conformity and reduces the adverse effects on healthy tissues compared to photon 

radiotherapy.1 The use of proton therapy has been shown to reduce the incidence of 

secondary cancers in long-term survivors, making it a more favorable option especially 

for pediatric patients and patients with localized tumors.2–5 Since 2014, the concept of 

FLASH therapy has emerged as a promising approach to greatly reduce the toxicity in 

radiotherapy treatments by delivering an ultra-high dose rate (UHDR) of radiation exceeding 

40 Gy/s.6,7 Early preclinical studies and machine developments have demonstrated the 

feasibility of UHDR FLASH proton therapy that harnesses the tissue sparing from proton 

beam characteristics and FLASH effects.8–11

Despite its potential benefits, FLASH proton therapy presents additional challenges in the 

course of its development. The highest proton energies at around 225 MeV need to be used 

for a cyclotron-based proton therapy in order to maintain high particle transport efficiency 

for a UHDR. The range associated with 225 MeV protons is around 32 cm in water, 

which exceeds the typical depth of the lesions in a patient. In our institute, conventional 

proton therapy involves an upstream range modulator and sometimes a range shifter – 

a uniform slab made of polymethyl methacrylate (PMMA) – in the snout to bring the 

proton range closer to the surface. In the case of cyclotron-based FLASH proton therapy, a 

substantial thickness of PMMA would be needed to modulate the large range attributed to 

the maximum proton energy. As such, it has been proposed to employ an aluminum-based 

range shifter primarily due to its higher proton stopping power. However, when protons 

impinge on the range shifter, they produce secondary particles, notably secondary neutrons, 

which possess a greater biological effectiveness compared to photons and electrons. This 

heightened biological impact may cause damage to healthy tissues, potentially leading to a 

second cancer in patients.12–14 Aluminum, as a high-Z material relative to plastic, possesses 

a higher cross-section in producing secondary neutrons under proton irradiation. Therefore, 
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it is necessary to evaluate the level of secondary neutrons when using an aluminum range 

shifter to ensure that the secondary neutrons produced during UHDR irradiation are within 

clinically acceptable limits.

There exist various dosimetry quantities that can be utilized for the evaluation of secondary 

neutrons in clinical settings. Among these quantities, the AAPM Task Group 158 has 

recommended using the ambient neutron dose equivalent as the measure to assess the 

neutron contamination during proton therapy.15 Common neutron dosimetry methods 

include directly measuring the neutron dose equivalent using neutron detectors such as 

Bonner sphere systems16–21 or REM counters,22–27 and performing Monte Carlo (MC) 

simulations, which would require further verification and bench-marking with measurement 

results.28–32 Previous studies on secondary neutron dosimetry using either measurements or 

simulations or both have shown that neutron contamination during proton therapy remains 

at a low level.33–37 Nevertheless,studies on secondary neutron dose contamination in UHDR 

radiotherapy have remained scarce. A recent shielding study suggested that the rise of 

secondary neutrons from the use of FLASH proton beam challenges the conventional 

shielding design.38 It is thus crucial to ensure a safe clinical translation of the FLASH 

technique while minimizing the neutron-induced carcinogenic risk posed to patients.

To discuss secondary neutron characteristics, it is convenient to classify neutrons according 

to their kinetic energies: thermal, intermediate, fast, and relativistic neutrons. Thermal 

neutrons exhibit thermal equilibrium with matter and have a neutron cross-section 

inversely proportional to their velocities. Following a Maxwell–Boltzmann distribution, their 

velocities are most probable to be found at 2.2 km/s at 295 K, corresponding to an energy 

of 0.025 eV.39 Intermediate neutrons have energy ranging from 0.5 eV to 100 keV. Fast 

neutrons have energies ranging from slightly lower than 100 keV to 20 MeV, where elastic 

scattering between neutrons and matter is one of the most important interactions for these 

neutrons. Relativistic neutrons are the ones having energy greater than 20 MeV. For these 

high-energy neutrons, inelastic scattering becomes more important than elastic scattering 

especially when they interact with high-Z materials.

In this paper, we present secondary neutron measurements and simulation results for range-

modulated proton irradiation at FLASH energy. We describe how neutron dosimetry was 

performed during 225-MeV proton irradiation with aluminum and solid water range shifters. 

We also compare our findings to regulatory standards and previous shielding surveys on 

secondary neutrons for proton therapy. Overall, this study improves our understanding of the 

risks associated with neutron exposure during UHDR proton radiotherapy and provides an 

experimentally validated computational approach for investigations in the shielding design 

of future FLASH proton therapy facilities that could ideally minimize unwanted secondary 

neutron doses to patients.

2 | METHODS AND MATERIALS

To evaluate the secondary neutron dose due to the use of a range shifter in FLASH proton 

therapy, we performed experimental measurements of the neutron production during range-

modulated 225-MeV proton irradiation from an IBA Proteus Plus proton system. In parallel, 
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we simulated the secondary neutron production in a GEANT4-based MC tool TOPAS 

(version 3.9).40 Figure 1 shows a beam snout designed for the range-modulated FLASH 

proton pencil beam scanning and a gold-anodized aluminum range shifting plate used in 

the experiments. The snout featured a plastic ridge filter for modulating the beam with a 

spread-out Bragg peak (SOBP) and incorporated five aluminum range-shifting plates, each 

with a thickness of 1.5 cm, alongside a brass aperture for beam collimation. Note that 

the ridge filter was not included in our experiments since our field consisted of a single 

pencil beam spot and an aperture was present only in the simulations with the beam passing 

through its center.

Table 1 shows a total of four tested groups providing a range modulation from 6.6 to 

25.8 cm. The length of range modulation was obtained empirically by comparing the 

depth of the Bragg peak of each configuration through MC simulations. The aluminum 

range shifter material proposed for FLASH proton therapy was tested in both simulations 

and measurements. In addition, range shifters made of Solid Water (Model number 457, 

Gammex/RMI, Wisconsin, USA), as a surrogate for the PMMA range shifter material used 

in conventional proton therapy, were tested to investigate the effect on secondary neutrons 

from different range shifting materials.

2.1 | Methods of measurements

The secondary neutron yield was measured using a pre-manufactured pair of ionization 

chambers and a Model 2241-3 Proton Recoil Scintillator-Los Alamos (PRESCILA) neutron 

rem meter (LUDLUM Measurements, Inc., Sweetwater, TX, USA). In each measurement, 

a single-spot proton pencil beam at 225 MeV was delivered from the proton system with 

a gantry angle of 270°. The delivered absorbed dose in water at the Bragg peak ranged 

from 15.2 to 30.5 Gy across different configurations. We employed a conventional dose 

rate, considering that the neutron dose is a cumulative dose over time and a lower dose rate 

allows the accurate dose response on the measuring devices.

2.1.1 | Dual-ionization chamber method: The absorbed dose from secondary 

neutrons in water was measured at three positions (A1,A2,and A3). These three points 

were also used to validate the simulation results. The dose was measured by a pair of 

pre-manufactured ionization chambers (shown in Figure 2a) which are capable of separating 

neutron dose from a mixed background field of neutrons, photons, and protons.44,45 The 

paired chamber technique,also known as the dual-ionization chamber method, relies on the 

different responses of the two chambers to the impinging neutrons. For our chambers, one 

is made of a tissue-equivalent wall filled with tissue-equivalent gas (TE-TE); the other 

one is composed of a magnesium wall and argon gas (Mg-Ar). The two chambers have 

similar sensitivities to protons and photons but with distinct sensitivities to neutrons. The 

TE-TE chamber is more sensitive to the change in the number of neutrons in the mixed 

field due to the hydrogenous property of the TE material. The Mg-Ar chamber is made 

of non-hydrogenous and high-Z materials and thus gives a lower cross-section of neutron 

interaction, resulting in a lower sensitivity in detecting neutrons. The two chambers are of 

the same geometry dimensions with a 9.14 cm3 active volume and an inner diameter of 

19.05 mm. For each chamber, the thickness of the cathode wall is 3.18 mm and the diameter 
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of the anode is 6.35 mm. The dose-to-water calibration factor is 3.44 × 106 Gy/C and 2.33 

× 106 Gy/C for the TE-TE chamber and the Mg-Ar chamber respectively. The chamber 

readings can be related to the neutron dose DN and the proton and photon dose Dp+γ as

kTE‐TE ⋅ DN + Dp+γ = RTE‐TE

(1)

kMg‐Ar ⋅ DN + Dp+γ = RMg‐Ar,

(2)

where RTE-TE and RMg-Ar represent the readings of the TE-TE and Mg-Ar chambers, and 

kTE-TE and kMg-Ar correspond to the relative neutron sensitivities of the two chambers, 

which are functions of incident neutron energy.

The neutron response functions of the two chambers were obtained in the MC simulations. 

For the TE-TE chamber, the tissue-equivalent wall material was modeled as A150 TE 

plastic, and the gas was composed of methane-based tissue-equivalent gas. Each chamber 

had the same dimension as the physical ones as specified in the previous work and was 

immersed in the center of a (30 × 30 × 30) cm3 water phantom.45 A neutron beam source 

was placed 5 cm outside the water phantom, emitting 5 × 106 monoenergetic neutrons that 

incident perpendicularly to the cylindrical axis of the chamber with the entire chamber 

covered. The total absorbed dose in the gas volume was scored as a function of incident 

neutron energy ranging from 1 MeV to 230 MeV. To convert the absorbed dose-to-gas to 

dose-to-water,we further modeled the chamber with the same dimensions but composed 

of water of areal densities equivalent to the areal densities of the original materials. We 

repeated the simulation with a reference 6-MV photon beam to obtain the relative neutron 

sensitivity ki at a specific neutron energy as following

ki =
di

neutron/dwateri
neutron

di
photon/dwateri

photon ,

where i represents the TE-TE or Mg-Ar chamber, di
neutron and di

photon are the absorbed dose 

deposited in the gas from neutron and photon irradiation respectively, dwateri
neutron and dwateri

photon are 

the absorbed dose deposited in the water with equivalent areal density from neutron and 

photon irradiation respectively. Figure 3 showed the neutron sensitivity of the two chambers 

as a function of neutron energy (details in Figure S1). For the neutrons with energies below 

1 MeV, the sensitivities of the same pair of ion chambers reported in a previous study 

were adopted.45 This leads to relative neutron sensitivities of 1.0 and 0.1 being applied for 

neutrons below 1 MeV in the TE-TE and the Mg-Ar chamber respectively. The proton and 

photon sensitivity was assumed to be 1 for both chambers. The physical dose measured 

by the ion chambers was converted to dose equivalent using radiation weighting factors 

computed using a group of continuous functions of neutron energy recommended in ICRP 
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103.14 A fluence-weighted average of the weighting factor at each point was then calculated 

using the simulated neutron energy fluence at each point of measurement.

Figure 2b shows the dual-ionization chamber measurement setup where the two chambers 

were attached to a three-dimensional scanning platform in a Blue Phantom (IBA, Louvain-

La-Neuve, Belgium), which is a (675 × 645 × 560) mm3 water tank. The chamber was 

mounted onto the scanning stage with a 3D-printed dual chamber holder. The proton 

beam impinged orthogonally to the water tank through a set of range shifters. Additional 

range shifter plates were added at the upstream edge of the existing range shifters. The 

downstream edge of the range shifters was placed at 14.15 cm from the surface of the water 

tank. This air gap between the range shifter and the water tank was determined by the 

sum of the length of a 6-cm thick cylindrical brass aperture (not present), a 5-cm air gap 

downstream from the aperture, and a 3.15-cm air gap downstream from the range shifter. 

The two ion chambers were placed symmetrically at 0, 5, or 10 cm laterally from the beam 

axis and 5 cm downstream from the Bragg peak in the water tank shown in Figure 2c.

2.1.2 | PRESCILA rem meter measurements: Far out-of-field secondary neutron 

during 225-MeV proton irradiation with range modulation was measured using a 

PRESCILA rem meter shown in Figure 4. This scintillator-based detector is capable of 

neutron detection at high sensitivity with a wider range of energy response compared to 

conventional moderator-based rem meters.46 Figure 4b shows the measurement setup with 

the detector aligned along a horizontal axis 0.3 m downstream from the range shifter. We 

measured the neutron dose equivalent by placing the rem meter at a distance of 0.5, 1,and 

2 m from the central axis,denoted as the points B1, B2, and B3. Similar to the dual ion 

chamber setup, aluminum plates or solid water slabs were added upstream from the range 

shifter. The proton beam was delivered for an extended amount of time for the PRESCILA 

readout to be stabilized. We recorded the neutron dose rate in units of rem/h over 30 s 

of delivery using a monitoring camera inside the treatment room and then computed the 

integrated dose equivalent.

2.2 | Monte Carlo simulations

A total of six physics modules were included in the simulations. “G4em-standard_opt4”was 

used for electromagnetic interactions. “g4h-phy_QGSP_BIC_HP” was used for inelastic 

nuclear interactions with a high precision neutron model. The decay of all long-lived 

hadrons and leptons was managed by “g4decay”. Default physics modules “g4ion-

binarycascade”, “g4h-elastic_HP”, and “g4stopping”were also included for inelastic 

interactions and other particle simulations.

Figure 5 shows a schematic of the MC simulation setup with positions A1, A2, and A3 

used for measurement validation as described in Section 2.1. No room details or walls were 

implemented in the simulations. A single Gaussian proton beam of energy (225.0 ± 0.6) 

MeV and a spot size with a full width at half maximum of (1 × 1) cm2 was simulated in 

the air and impinged onto a range shifter of surface area (10 × 10) cm2. Table 2 shows 

the composition of each range shifter material used in the MC simulations. A cylindrical 

brass aperture with a square opening of (7 × 7) cm2 was placed after a 3.15-cm air gap 
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downstream from the range shifter. The outer radius and the thickness of the aperture were 

10.7 cm and 6 cm respectively. A water phantom of volume (30 × 30 × 40) cm3 was placed 

after a 5-cm air gap downstream from the aperture. The thickness of the range shifter was 

increased at the upstream end in order to keep a fixed distance between the range shifter and 

the water surface. The isocenter was defined on the beam axis at the Bragg peak depth in 

water. The beam source was placed at a fixed distance of 50 cm from the isocenter.

Several dosimetric quantities were obtained in the water phantom, including neutron fluence 

(ϕN), absorbed dose from all particles and neutrons only, and ambient neutron dose 

equivalent H*(10).14 (5 × 106) histories were simulated 4 times for each setup to obtain a 

mean value with a standard deviation for each quantity. The neutron fluence was scored per 

unit area and logarithmically binned into 140 energy bins from 10−10 MeV to 103 MeV. It 

is worth noting that the quantity fluence typically refers to the number of particles crossing 

per unit cross-sectional area. In TOPAS, fluence is calculated differently: it is obtained by 

dividing the total distance traveled by particles passing through the material by the volume 

of the irradiated material. The neutron fluence was normalized by unit therapeutic dose 

(D) defined as the total absorbed dose at the Bragg peak. The normalized fluence was 

reported in units of lethargy (u), a logarithmic measure of neutron energy that describes 

the relative decrease in neutron speed.41 This unit is convenient for grouping neutrons 

with similar energies. The ambient neutron dose equivalent was obtained by multiplying 

the incident neutron fluence with linearly-interpolated fluence to ambient dose equivalent 

conversion coefficients across the neutron energy spectrum.42 Similar to the neutron fluence, 

the neutron absorbed dose and the ambient neutron dose equivalent were also normalized by 

unit therapeutic dose. Moreover, a particle origin filter was applied to score the quantities 

of particles produced in different components, namely the range shifter and the water 

phantom. To compare the change in dose and dose equivalent among different setups, we 

computed their percentage difference with standard error propagation on their corresponding 

uncertainties.

While secondary neutron simulations near the irradiation field offer insights into excess 

neutron doses in the vicinity of or within the patient’s body, the far out-of-field neutron dose 

holds arguably greater clinical relevance. With this consideration, we conducted simulations 

of secondary neutrons in the far out-of-field region with no water tank present in the beam 

line. Figure 6 shows the simulation setup measuring neutrons in the air at a lateral distance 

of 0.5 to 2 m from the isocenter, located 0.3 m from the range shifter. The scoring region 

was a rectangular prism of volume (1 × 1 × 200) cm3, binned into 200 voxels of 1 cm3 along 

the x-axis. Three points (B1, B2, B3) were selected in the scoring volume for measurement 

validation. Neutron fluence, total absorbed dose, and ambient neutron dose equivalent were 

scored in each voxel.

Furthermore, the ambient neutron dose equivalent was compared with the out-of-field 

secondary neutron radiation standard provided by the International Electrotechnical 

Commission (IEC).43 The standard specifies that the absorbed dose from neutrons at 1.5–2 

m should be lower than 0.08% of the dose at the isocenter within a maximum 60-mm range 

modulation. In other words, under this range modulation condition, the maximum neutron 

dose allowed is recommended to be 0.8 mGy per 1 Gy of the therapeutic dose. This neutron 
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dose threshold can be converted to dose equivalent per therapeutic dose by employing the 

weighting factor due to neutron radiation. Group A setup was used for the comparison,as 

the corresponding range shifters provide the closest range modulation of approximately 66 

mm. A minimum fluence-weighted average for the weighting factor was found to be 5 and 

was used to calculate the lowest and hence the most strict threshold value.14 The absorbed 

neutron dose limit was converted to a dose equivalent limit of 0.8 mGy/Gy × 5 = 4 mSv/Gy. 

In practice, the allowed neutron dose equivalent is expected to be higher due to the wide 

range of possible neutron energies resulting in a higher weighting factor.

3 | RESULTS

3.1 | Simulation validation with measurement

Figure 7 showed the simulated and measured secondary neutron dose equivalent per 

therapeutic dose at three points of measurement A1,A2,and A3 in the water phantom with 

aluminum or solid water range shifters of a water equivalent thickness of 6.6, 13.0, 19.4, 

and 25.8 cm corresponding to Group A, B, C, and D. Both simulations and measurements 

showed a decrease in secondary neutrons when the points went further from the central 

axis. We found a general increase between 18% to 52% in the secondary neutron dose 

equivalent for the aluminum cases compared to the solid water cases at all three points in 

both simulations and measurements. The greatest simulated neutron dose equivalent was 

observed at (0.57 ± 0.02) mSv/Gy at A1 in Group D using aluminum range shifters, where 

the aluminum plates reached a thickness of 12 cm. In comparison, with the same water 

equivalent thickness, the 25.9-cm solid water slabs resulted in a maximum neutron dose 

equivalent of (0.332 ± 0.003) mSv/Gy in TOPAS and (0.33 ± 0.03) mSv/Gy using ion 

chambers. In this particular case, the aluminum range shifter yielded a secondary neutron 

dose equivalent 1.7 times greater than that of solid water for the same amount of range 

modulation. As the thickness of the range shifter decreased, the amount of secondary 

neutron dose equivalent decreased for the aluminum case,while no major change was found 

for the solid water case, especially for A1 and A3.

Figure 8 shows the simulated and measured far out-of-field secondary neutron dose 

equivalent per therapeutic dose at a distance within 2.5 m laterally from the central axis 

with both aluminum and solid water range modulation. One can observe a consistent trend 

in both the simulation and measurement results across all experimental groups. As the 

thickness of the range shifter increased, there was a corresponding increase in secondary 

neutron yield for both aluminum and solid water configurations. Following the inverse 

square law, the neutron dose equivalent decreased with increasing distance from the beam 

axis. The most prominent increase in secondary neutron yield was observed in Group 

D, where the range shifters were the thickest. In this group, the simulated neutron dose 

equivalent per therapeutic dose for the aluminum case reached (8.8 ± 0.5) μSv∕Gy at 1 

m from the beam axis,which was 2.7 times greater than the solid water counterpart. The 

measured values exhibited a similar increase, with the aluminum case yielding 2.6 times 

greater dose equivalent compared to solid water. From 1.5 to 2 m in Group A, both the 

simulated and measured values of neutron dose equivalent fell below the dose equivalent 

limit of 4 mSv/Gy mentioned in Section 2.2 and were thus in agreement with the IEC 
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standard. It is worth noting that the measured dose equivalent was overall lower than the 

simulated value for all the cases. The discrepancies between simulation and measurement 

results became less pronounced in the other three groups as range modulation decreased 

with Group A displaying the closest agreement between the two.

Table 3 shows a summary of the simulated and measured secondary neutron dose equivalent 

per therapeutic dose. Within close proximity to the irradiation field − 5 cm downstream 

from the beam port and within ≤15 cm laterally from the central axis – the increase in 

the simulated dose equivalent spanned from (22 ± 5)% to (96 ± 8)% for aluminum range 

shifters compared to solid water. At a further distance of 1–2 m from the central axis, the 

simulated secondary neutron dose equivalent for the aluminum case exhibited an average 

two-fold increase compared to the solid water case. The measured values generally aligned 

with the simulation results, validating the influence of range modulation material and points 

of measurement on secondary neutron dose equivalent values. The simulated values of dose 

equivalent were on average within 10.7% difference from the measurement values, with the 

largest difference of 32.4% at A3 for Group A aluminum and the smallest difference of 1.4% 

at A1 for the same group of aluminum.

3.2 | Simulated secondary neutron production characteristics

Figure 9 shows the simulated ambient neutron dose equivalent distribution per therapeutic 

dose in the xz-plane for Groups A and C. The maximum dose equivalent was 19.9 mSv/Gy 

for Group A with an aluminum range shifter at a depth of 4.2 cm from the water surface, 

which was greater than a maximum value of 15.8 mSv/Gy at a depth of 5.4 cm for solid 

water in the same group. In Group C, the maximum values of the dose equivalent per 

therapeutic dose were found at a depth of 3.0 cm for both aluminum and solid water with a 

value of 17.2 and 12.1 mSv/Gy respectively. The neutron dose equivalent decreased quickly 

to less than approximately 5 mSv/Gy after the Bragg peak in all the configurations.

The ambient neutron dose equivalent per therapeutic dose profiles along the central and 

lateral axes for Group C are shown in Figure 10. We also separated the secondary 

neutrons that originated in the range shifter before traveling downstream from the neutron 

produced solely in the water tank. A dose equivalent build-up region was found due to the 

secondary neutrons produced in the water phantom near the surface of the water phantom 

before decreasing exponentially as neutrons traveled downstream in the water phantom. 

Accordingly, when we only considered secondary neutrons produced in the range shifter, no 

build-up region was found near the water surface (Figure 10c). Along the lateral axis, the 

dose equivalent dropped from a maximum value at slightly over 6 mSv/Gy following the 

inverse square law as neutrons laterally scattered across the water phantom.

Figure 11 shows the secondary neutron fluence of Groups A and C in lethargic unit per 

therapeutic dose at 5 cm beyond the Bragg peak along the central axis as a function of 

neutron energy. The neutron fluence was distributed as a continuous spectrum with one 

peak at the thermal region and two peaks overlapping in the fast and relativistic regions. In 

both groups, the aluminum neutron fluence at the thermal and relativistic peaks increased 

by a factor of 1.5 and 1.4 respectively compared to the solid water.To further investigate 

the impact of implementing the range shifters, the fluence spectra were separated into two 
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components by the origin of secondary neutrons. This allows the neutrons produced in 

the range shifter to be isolated from total neutrons, which primarily consist of neutrons 

produced in the water phantom. From the component spectra, we can see that the fluence 

in the thermal region was dominated by the neutrons produced in the water phantom. 

Comparing Groups A and C, the increase in the thickness of the range shifters resulted in 

a higher production of secondary neutrons in the relativistic energy region on the spectra of 

neutrons produced in the range shifter, with the relativistic peak increased by a factor of 3.9 

when the thickness of aluminum changed from 3 cm to 9 cm. In comparison, the relativistic 

peak increased by a factor of 2.6 when the thickness of solid water changed from 6.4 to 19.5 

cm, providing the same amount of range modulation in water as the aluminum.

4 | DISCUSSION

The results from measurements and MC simulations demonstrated an increase in the 

secondary neutron fluence when replacing conventional plastic range shifters with aluminum 

for the UHDR proton beam. This is expected since the cross-section of the interaction 

between protons and nuclei in the range shifter material increases when there are a higher 

number of atoms present in the range shifter. Additionally, due to the hydrogenous property 

of the plastic range shifter, the secondary neutrons produced in it may be readily absorbed 

before traveling downstream to the water phantom. While the neutron dose produced with 

the aluminum range shifter was higher, it remained well below the IEC threshold. Taking 

into account the superior physical and mechanical properties of aluminum compared to 

solid water, the results suggested aluminum range shifters as an acceptable alternative for 

range-modulated FLASH proton therapy.

On the neutron fluence spectra, the presence of a thermal peak resulted from fast neutrons 

slowing down when scattering in the water phantom. The simulation results showed that 

the neutrons at the relativistic energy peak primarily originated from the range shifter. The 

peak in the relativistic region extends to the fast neutron region, suggesting the production 

of fast neutrons from evaporation processes between the secondary photons and the nucleons 

in the matter. The relativistic peak can also be found in other photon or particle therapies 

with energy higher than the neutron binding energy at approximately 7 MeV in large atomic 

number materials present in the beam path inside the treatment room. The neutron dose 

equivalent in the water tank measured using dual-ion chambers was found to be on the same 

order of magnitude compared to the simulated counterparts. However, the measured values 

are lower than the simulated ones at all positions for most cases, suggesting a potential 

overestimation in the simulations. One possible reason may be the positioning of the ion 

chambers in the water tank. One can see from the dose map in Figure 9, the dose equivalent 

in the region beyond the Bragg peak falls off quickly. Hence, a slight mispositioning may 

result in a large change in the value of the dose equivalent.

4.1 | Limitations in the simulations

Our study presents several discrepancies in the setups when compared to the actual FLASH 

proton delivery setups. Firstly, a single spot beam was used in our simulations and 

measurements, while FLASH proton irradiation is likely to use a dose map with SOBP 
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beams modulated by a ridge filter upstream in the nozzle. This may result in a higher 

neutron yield due to the increase in the proton dose. Clinical treatment plans that position 

the pencil beam near the aperture may also result in an increased production of secondary 

neutrons. Vedelago et al. reported a difference in neutron fluence between pristine and 

SOBP beams. Specifically, they found the ratio between the neutron fluence in the fast and 

relativistic region and the thermal region was higher than the ratio for pristine peaks due to 

the increase in the number of impinging protons.47 The MC beam source was placed at a 

closer distance from the isocenter compared to the typical virtual source distance during the 

actual delivery of the proton beam, resulting in a possible overestimation of neutron dose in 

the water phantom. In addition, the presence of the ridge filter and the aperture in the snout 

could potentially introduce more thermal neutrons in the water phantom leading to a higher 

out-of-field neutron dose.

Secondly, there was no room component such as walls or couch simulated. The lack of 

room geometry was expected to result in an underestimation in the simulated far out-of-

field dose equivalent since we have fewer room-return thermal neutrons. Englbrecht et al. 

compared no-room MC simulation to the ones with full-room geometry simulated by Trinkl 

et al. and found mismatches in the secondary neutron fluence spectra at 2 m from the 

isocenter.20,48 These studies showed non-negligible neutron contributions from the room 

components, namely outer walls and concrete floor, peaked in both the thermal region 

and fast region with 200-MeV protons as the primary beam. In our study, however, we 

found an overestimation in the simulated neutron dose compared to the measurements. 

This overestimation may thus be primarily due to the low detection efficiency during the 

measurements, which outweighed the underestimation due to the lack of room geometry. 

More comprehensive simulations with full-room components are needed to obtain a more 

accurate neutron dose estimation at positions far from the irradiating field.

Another discrepancy exists in regard to the delivery system and method for FLASH proton 

therapy. The neutron contamination may vary depending on the proton delivery systems. 

There are currently three major FLASH proton delivery methods:double scattering,pencil 

beam scanning, and hybrid system.49–51 Several studies compared different delivery 

methods in conventional proton therapy and reported that double scattering tends to give 

a higher secondary neutron dose compared to pencil beam scanning primarily due to the 

components such as scatterers and apertures present in the nozzle for the double scattering 

method.33,37,52 However, the pencil beam scanning system for FLASH delivery also requires 

extra components in the snout to create SOBP plans and achieve range modulation. This 

study provides confidence in using MC simulations to estimate excess neutron dose with 

more clinical-related fields beyond a single-spot beam. Further investigations with larger 

fields are needed to ensure that no extra shielding for excess neutrons would be required for 

FLASH delivery.

5 | CONCLUSIONS

In this study, we conducted secondary neutron dosimetry during proton irradiation with 

range shifters at a FLASH irradiation energy to investigate the effect of range modulation 

using aluminum on the production of secondary neutrons. We performed measurements 
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and MC simulations in TOPAS to obtain out-of-field secondary neutron yield with a 

single-spot proton beam. The simulation results were validated by the measurements using 

a pair of ionization chambers at three positions and a PRESCILA rem meter at three 

further locations. The aluminum range shifter was found to produce an increased number 

of secondary neutrons compared to the solid water range shifter. In the far-out-of-field 

region, the secondary neutron dose equivalents per therapeutic dose on the order of unity 

in units of μSv∕Gy for the aluminum cases, all below the maximum allowed non-primary 

radiation level according to the IEC standards. The simulated neutron fluence spectrum was 

found to be predominantly characterized by thermal, fast, and relativistic neutrons, with the 

increase in neutron fluence primarily occurring in the relativistic neutron energy range. The 

experimental validation of the simulation sets the foundation for future investigations from 

a computational-only approach, allowing confident estimation of excess neutron dose levels 

with larger field sizes for more clinically pertinent configurations. These investigations 

would be needed for further determination of the adequacy of the current shielding design 

for the safety of the patient and medical personnel involved in the treatment. Overall, 

the simulations validated through measurements at a wide range of distances provided 

confidence in using computational methods for a conservative evaluation of secondary 

neutrons in range-modulated FLASH proton irradiation.
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FIGURE 1. 
(a) FLASH snout with a ridge filter, five aluminum range-shifting plates, and an aperture 

inserted. (b) Gold-anodized aluminum range shifter of thickness 1.5 cm.
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FIGURE 2. 
(a) Pre-manufactured TE-TE and Mg-Ar ionization chambers. (b) Dual-ionization chamber 

measurement setup. (c) Ion chambers mounted onto the scanning stage of a water tank 

measuring (675 × 645 × 560) mm3 and aligned along the central axis at 5 cm downstream 

from the Bragg Peak. TE-TE, tissue-equivalent wall filled with tissue-equivalent gas. Mg-Ar, 

magnesium wall filled with Argon gas.
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FIGURE 3. 
Relative neutron sensitivity (k) simulated with TOPAS as a function of incident neutron 

energy for the TE-TE and Mg-Ar chambers. TE-TE, tissue-equivalent wall filled with 

tissue-equivalent gas. Mg-Ar, magnesium wall filled with Argon gas.
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FIGURE 4. 
(a) PRESCILA rem meter. (b) Far out-of-field secondary neutron measurement setup with 

the rem meter placed at 0.5 m from the central axis. PRESCILA, Proton Recoil Scintillator-

Los Alamos.
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FIGURE 5. 
Schematic (not to scale) of Monte Carlo simulation geometry including a proton source, a 

range shifter of various thicknesses, an aperture, a (30 × 30 × 40) cm3 water phantom with 

isocenter defined at the Bragg peak (BP). Positions A1, A2, and A3 at a lateral distance 

of 5, 10, and 15 cm from the central axis and 5 cm downstream from the BP were used 

for validating with measurements. The area within the red square indicates the simulation 

scoring region.
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FIGURE 6. 
Far out-of-field neutron dosimetry simulation setup (not to scale) with the red rectangle 

indicating the scoring area. B1, B2, and B3 at a distance of 1, 1.5, and 2 m from the central 

axis (z) indicate the measuring positions for simulation validation.

Chen et al. Page 21

Med Phys. Author manuscript; available in PMC 2025 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 7. 
Simulated and measured out-of-field secondary neutron dose equivalent per therapeutic dose 

at A1, A2, and A3 with range modulation using aluminum and solid water. The percentage 

increase in the values for the aluminum cases relative to the solid water cases is shown in the 

bottom row.
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FIGURE 8. 
Simulated dose equivalent per therapeutic dose of secondary neutrons at a lateral distance of 

0.5 to 2.5 m from the CAX with measured values at B1, B2, and B3 using PRESCILA rem 

meter. The shaded region indicates the uncertainties for simulation results; uncertainties in 

measurement results are not shown as they are smaller than the marker size. CAX, central 

axis; PRESCILA, Proton Recoil Scintillator-Los Alamos.
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FIGURE 9. 
Ambient neutron dose equivalent per therapeutic in the xz-plane with Al and SW range 

shifters modulated depths of the Bragg peak at ZBP = 25.1 cm and ZBP = 12.3 cm (dotted 

lines) for Group A (a, b) and Group C (c, d) respectively. Panels in the same row share the 

color bar in that row. Al, aluminum; SW, solid water.
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FIGURE 10. 
Group C ambient neutron dose equivalent per therapeutic dose with standard errors (shaded 

region) for all the secondary neutrons (H*(10)∕D) (a, b) and the neutrons produced in the 

range shifter (HRS
* 10 /D) (c, d) with percentage difference (% diff.) as a function of depth on 

the CAX and along the x-axis at the Bragg peak depth ZBP=12.3 cm (dotted line) for Al and 

SW. Al, aluminum; CAX, central axis; SW, solid water.
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FIGURE 11. 
Secondary neutron fluence spectra at A1 in lethargic unit per therapeutic dose and the 

spectrum components for the neutrons produced in either the water phantom or the range 

shifter for Group A with (a) 3-cm Al plates or (b) 6.4-cm SW slabs for a 6.6 cm of range 

modulation and Group C with (c) 9-cm Al or (d) 19.5-cm SW for a 19.4 cm of range 

modulation. Al, aluminum; SW, solid water.
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TABLE 1
Aluminum and solid water range shifter (RS) thicknesses (tAl and tSW) with the corresponding range 

modulation (mod.) and the Bragg peak depth (ZBP) in water for 225 MeV proton energy.

Group tAI (cm) tsw (cm) Range mod. (cm) Zbp (cm)

A 3.0 6.4 6.6 25.1

B 6.0 12.9 13.0 18.7

C 9.0 19.5 19.4 12.3

D 12.0 25.9 25.8 5.9
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TABLE 2
Range shifter material composition used in the simulations with percentage mass fraction for each element.

Material Density (g/cm3) Element Mass fraction (%)

Aluminum 2.7 Aluminum 100.0

Solid water 1.0 Carbon 67.2

Oxygen 19.9

Hydrogen 8.1

Nitrogen 2.4

Calcium 2.3

Chlorine 0.1
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TABLE 3
Summary of simulated and measured secondary neutron dose equivalent per therapeutic dose at a distance 

close to the irradiation field (5 cm downstream from BP and ≤15 cm laterally from beam axis) in the water and 

far out of the field in the air for a range modulation between 7 cm and 26 cm achieved by aluminum or solid 

water.

Range shifter Method

H/D (μSv/Gy)

≤15 cm 1–2 m

Aluminum Simulation 148(4)–570(20) 0.27(7)–8.8(5)

Measurement 150(20)–460(40) 0.151(7)–1.62(2)

Solid water Simulation 107(2)–324(6) 0.16(4)–3.3(3)

Measurement 81(8)–330(30) 0.093(2)–0.63(3)

Note The digits in parentheses are the uncertainty.
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