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1. Measurement of neutron production yields of 345 MeV/u 238U + Cu with a time-of-flight 

method 

Kenta Sugihara1,2*, Nobuhiro Shigyo1,2, Atsuko Akashio1, Kanenobu Tanaka1 

1RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan 
2Kyushu University, Motooka, Nishi-ku, Fukuoka, 819-0395, Japan 

*kenta.sugihara@kek.jp (Present address: KEK, 1-1 Oho, Tsukuba, Ibaraki, 305-0801, Japan) 

 Neutron energy spectra from 345 MeV/u 238U incidence on a copper target was 

measured at 0˚, 45˚, and 90˚ with a time-of-flight technique. In order to confirm the 

prediction accuracy of nuclear reaction models implemented in Particle and Heavy Ion 

Transport code System and GEometry ANd Tracking 4, the measured data were compared 

with the two versions of JAERI Quantum Molecular Dynamics (JQMD) model with 

Generalized Evaporation Model (GEM), JQMD + statistical multi-fragmentation model + 

GEM, and the G4QMD + GEM. The best agreement within JQMD version 2 and the 

measured data was observed at 0˚. 

1.1. Introduction 

These days, a variety of applications of accelerators are widely spread, e.g., medicines with 

radioactive isotopes (RI) (Fujiki, 2019), nuclear physics (Ahn, 2019), and RI beam 

production (Suzuki, 2013). With obtaining RI beam with a wide range of mass number, the 

utilization of high-intensity uranium-238 (238U) beam is adopted or planned, such as 

Facility for Rare Isotope Beams (Wei, 2019) in America, Facility for Antiproton and Ion 

Research (Augostin, 2018) in Germany, and Rare isotope accelerator complex for ON-line 

experiments (Kim, 2020) in Korea. 

As one of such facilities also in Japan, Radioactive Isotope Beam Factory (RIBF) (Yano, 

2007) at RIKEN provides 238U beam, the energy of which is 345 MeV/u. The current 

operational and permitted intensity of the 238U beam is 70 pnA and 300 pnA, respectively. 

Aiming at high-efficient RI beam production, a future improvement of the 238U beam 

intensity is in progress. Because a number of neutrons are generated due to the reactions 

between the 238U beam and a copper (Cu) beam dump, the optimization of a radiation 

shielding is indispensable. The shielding around the beam dump at RIBF (Uwamino, 2000) 

was originally designed by the Moyer model (Moyer, 1962) with estimating the source 

term from the neutron production thick target yields (TTYs) data of neon beam (Kurosawa, 

2000). Due to the derivation, an uncertainty of the source term is still remained. 

Improvement of the performance for computers enabled us to estimate the source term by 

nuclear reaction models. The reaction induced by the 238U beam is described by two 

versions of JAERI Quantum Molecular Dynamics (JQMD) (Niita, 1995) (Ogawa, 2015) 

followed by Generalized Evaporation Model (GEM) (Furihata, 2000) implemented in 

Particle and Heavy Ion Transport code System (PHITS) version 3.26 (Sato, 2018). In 

addition, Statistical Multi-fragmentation Model (SMM) (Ogawa, 2013) is also applied for 

more precise evaluation of pre-equilibrium process. Furthermore, G4QMD (Tatsumi, 

2010) in GEometry ANd Tracking 4 (Geant4) version 10.6.p01. (Allison, 2016) is also 

utilized. However, the prediction accuracy of the models should be examined prior to 

applying the source term calculation. Therefore, benchmark study of the nuclear reaction 

models through the measurement of the TTY from 345 MeV/u 238U incidence on Cu is 

absolutely desired at RIBF. 
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Measurement of the neutron production TTY from 238U beam of 345 MeV/u on a copper 

target for 0˚, 45˚, and 90˚ with a time-of-flight technique was already completed (Sugihara, 

2022). Thus, the purpose of this study is to obtain the benchmark of the JQMD version 1 + 

GEM (JQMD1/GEM), JQMD version 1 + SMM + GEM (JQMD1/SMM/GEM), JQMD 

version2 + GEM(JQMD2/GEM), and G4QMD + GEM to clarify the availability of these 

models. 

1.2. Experiment 

The detailed explanation of the experiment is given in a reference (Sugihara, 2022). The 

illustration of our experimental arrangement is shown in Figure 1.1.  

The incident energy of the 238U beam was 345 MeV/u. The intensity of the beam was 1 x 

106 pps. The interval of the beam pulse was 54 nsec attributed to the radio frequency of 

accelerators. A Cu target with 10 mm thickness was located in the F10 vacuum chamber. 

The thickness was determined to be thicker than the range of the beam (3.3 mm). 

Generated neutrons were measured by organic liquid scintillators placed at 0˚, 45˚, and 90˚. 

The flight path length for 0˚, 45˚, and 90˚ was 9.5, 4.0, and 4.0 m, respectively. The kinetic 

energy of neutrons was calculated with the use of a time-of-flight technique. The minimum 

energy of measurable neutrons for 0˚, 45˚, and 90˚ was about 130, 40, and 40 MeV, 

respectively, which was attributed to the interval of the beam pulse and the flight path 

length. Because the organic liquid scintillators were sensitive to not only neutrons but also 

charged particles. To eliminate charged particles’ events, a plastic scintillator was placed 

in front of each neutron detector. 

The contribution of the background neutrons was subtracted by a measurement with the 1-

m-thick iron shadow bar.  

 

1.3. Result 

Because the way of the analysis is introduced in a reference (Sugihara, 2022), we omit 

details of data analysis. The comparison of the neutron production TTYs via the reaction 

of 345 MeV/u 238U + Cu among the measured data, JQMD1/GEM, JQMD2/GEM, 

JQMD1/SMM/GEM, and G4QMD/GEM is shown in Figure 1.2. The horizontal and 

Figure 1.1. Experimental arrangement of our experiment.  

In this figure, “FPL” is Flight Path Length. 
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vertical axis stands for the neutron energy [MeV] and the TTYs [n/sr/MeV/source], 

respectively. Markers mean the measured data. The red, light-blue, pink, and green lines 

represent the results of JQMD1/GEM, JQMD2/GEM, JQMD1/SMM/GEM, and 

G4QMD/GEM, respectively. 

Focusing on Quasi-Free Scattering (QFS) region at 0˚, all of the models underestimate the 

measured data. Especially, this tendency is remarkable for JQMD1/SMM/GEM. The best 

agreement at QFS region is observed between the measured data and JQMD2/GEM. Above 

the QFS region, most of the calculations overestimate the measured data. For the 

JQMD1/SMM/GEM, a peak around 2 GeV is appeared. Because this peak might cause the 

overestimation extremely for neutron dose rate, we concluded that JQMD1/SMM/GEM is 

not preferable for estimating the neutron source term at 0˚ for the reaction of interest. 

At energy region below 100 MeV for 45˚, all models underestimate the measured data. In 

this energy range, the best agreement between the measured data and JQDM2/GEM is 

confirmed. On the other hand, the tendency of the overestimation above 100 MeV is 

observed except for JQMD1/GEM. As the similar trend seen at 0˚, higher-energy neutrons 

are generated with JQMD1/SMM/GEM. 

At energy region below 100 MeV for 90˚, all models underestimate the measured data. 

Particularly, JQMD1/GEM and G4QMD/GEM has the remarkable trend. Best agreement 

between the measured data and JQMD1/SMM/GEM is demonstrated in this energy range. 

The tendency of the underestimation is kept at the energy region above 100 MeV for 90˚ 

except for JQMD1/SMM/GEM.  

For the total neutron yields, the TTY at QFS region is dominant. Thus, we conclude that 

JQMD2/GEM is the most appropriate to estimate the total neutron yields. 

1.4. Summary and Conclusions 

According to the measured data of the neutron production TTYs from 345 MeV/u 238U 

incidence on Cu, the benchmark study of nuclear reaction models was carried out in this 

Figure 1.2. Comparison among the measured data, JQMD1/GEM, JQMD2/GEM, 

JQMD1/SMM/GEM, and G4QMD/GEM. 
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study. We compared the measured data with JQMD1/GEM, JQMD2/GEM, 

JQMD1/GEM/SMM, and G4QMD/GEM to understand which nuclear reaction model is 

the most suitable for estimating the neutron source term. Our conclusion is that 

JQMD2/GEM is the best to estimate the total neutron yields for the reaction in question.  
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2. Photo-neutron emission mechanism at low-energy photon interaction 

Mahdi Bakhtiari 1, Nam-Suk Jung 2, Hee-Seock Lee1,2* 

1Division of Advanced Nuclear Engineering, POSTECH, Pohang 37673, Republic of Korea 
2Pohang Accelerator Laboratory, POSTECH, Pohang 37673, Republic of Korea 

*lee@postech.ac.kr 

A photonuclear reaction consists of the photoabsorption and particle emission. Once the 

photon is absorbed, the excited nucleus decays via direct, preequilibrium and compound 

(evaporation) mechanisms.  Photoneutron production yields and production mechanisms 

were investigated by comparing results of the well-known estimation methods. Differential 

photoneutron yields from 𝑛𝑎𝑡Pb,197Au, 𝑛𝑎𝑡Sn and 𝑛𝑎𝑡Cu targets irradiated with 16.6 MeV 

photons were calculated using PHITS-3.1, FLUKA 4-2.1, and MCNP6.1. The results were 

compared with the experimental data in the literature. Compound, preequilibrium and 

direct reaction contributions to neutron double differential cross sections were calculated 

by TALYS. All Monte Carlo codes generated the compound part of neutron spectra well 

but failed at higher energy range. MCNP6.1 using ENDF/B-VII.0 and IAEA/PD-2019 

libraries showed more reasonable data than PHITS and FLUKA. MCNP6.1 with ENDF/B-

VII.0 reproduced the neutron spectra up to 8 MeV for 197Au target and agreed well with the 

experimental data. Results in this study showed the necessity of improvement of nuclear 

data libraries or nuclear models implemented in the codes for describing photonuclear 

reactions beyond the evaporation (compound) part which are namely preequilibrium and 

direct mechanisms. The full data in this study are found in reference paper (Bakhtiari, Jung 

and Lee, 2022). 

2.1. Introduction 

Photons with energies above a few MeV can generate photoneutrons after interacting with 

materials. The produced photoneutrons are of importance in radiological concerns in 

radiation protection. In addition, it can be utilized as neutron sources for different 

applications such as Bragg edge imaging (H. Sato et al., 2018; Kino et al., 2019).  

A photonuclear reaction is assumed to be consisted of photoabsorption process and particle 

emission. The absorption of incident photon by the target is governed by giant-dipole 

resonance (GDR) and quasi-deuteron (QD) mechanisms. For photon energies lower than 

30 MeV, the photoabsorption is determined by GDR and up to around 150 MeV, it is 

described by QD (Chadwick et al., 2003).  On the other hand, the target nucleus which is 

excited by the absorbed photon, decays via direct, preequilibrium and compound 

mechanisms. In the direct reactions, the residual nucleus is left in the ground or first excited 

states so that the emitted neutrons form the high energy part of the spectrum. The 

preequilibrium mechanism becomes important at incident photon energies above 10 MeV 

(Chadwick and Young, 1995). The emitted particles resulted from the preequilibrium 

mechanism forms the emission spectra between the compound and the direct mechanisms.  

There are numerous measured neutron angular distributions in the literature that have been 

performed using the bremsstrahlung beams rather the monoenergetic photons. Recently, 

the laser Compton backscattering (LCS) technique has made it possible to produce 

polarized quasi monenergy photons (Asano, Miyamoto and LEPS-II collaboration, 2014). 

Two sets of measured data by Kirihara et al. (2019) and Tuyet et al. (2021) were conducted 

using the LCS polarized photons with energy of 16.6 MeV on different targets and they 

measured the photoneutron production yields at different angles. However, there was a lack 

of comparison of the measured photoneutron yields with the Monte Carlo calculations. 

Therefore, the Monte Carlo calculations were performed in this work and were compared 

mailto:lee@postech.ac.kr
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with the experimental data by Kirihara et al. and Tuyet et al. Moreover, the contribution of 

each reaction mechanism to the photoneutron production yields were investigated. Here, 

the neutron production yields from 197Au(γ,xn) reaction calculated by the Monte Carlo 

codes are compared with the experimental data (Kim Tuyet et al., 2021).  

2.2. Methods 

The Monte Carlo codes PHITS-3.1 (T. Sato et al., 2018), FLUKA 4-2.1 (Battistoni et al., 

2015) and MCNP6.1 (Goorley et al., 2013) were used to calculate the neutron production 

yields for the 16.6 MeV photon-induced reactions. The experimental data performed by 

Tuyet et al. were obtained using the polarized photons. Two photonuclear cross section 

libraries, ENDF/B-VII.0 (Chadwick et al., 2006) and IAEA/PD-2019 (Kawano et al., 2020) 

as well as physics models were used in the MCNP6.1 code. In case of using the physics 

model in MCNP, the Lorentzian function is used at the giant dipole region (GDR) for 

calculating the photonuclear cross sections. The total photonuclear cross sections are 

evaluated in JENDL/PD-2004 (Kishida et al., 2005) library and are used in the PHITS code. 

The neutron production from excited nucleus is estimated by Generalized Evaporation 

Model (GEM) (Furihata, 2000). The FLUKA code uses the IAEA photonuclear cross 

section library as well as other experimental data (Fassò, Ferrari and Sala, 2005) and cannot 

be manipulated by the user. In a case that the library does not have the photonuclear cross 

sections, they are calculated based on the Lorentzian function at the GDR region. After the 

photon is absorbed by the nucleus, nuclear effects on the initial and final state such as 

reinteraction or emission of reaction products are considered in FLUKA hadronic 

interaction model PreEquilibrium Approach to NUclear Thermalization (PEANUT) 

(Battistoni et al., 2015).  

In this simulation, a cylindrical target with thickness and diameter of 1 cm was irradiated 

with 16.6-MeV monoenergy photons. The differential photoneutron yields from 
𝑛𝑎𝑡Pb,197Au, 𝑛𝑎𝑡Sn and 𝑛𝑎𝑡Cu targets were calculated by means of the Monte Carlo codes 

(Bakhtiari, Jung and Lee, 2022). The results were calculated at 30°, 60°, 90°, 120° and 

150°, which are the angles between detectors and photon beam. In the Monte Carlo codes, 

the polarized photons cannot be defined so as the photon beam is unpolarized. The 

calculated results were compared with the experimental data (Kim Tuyet et al., 2021) and 

the results of 30° are only shown here. The comparison of the calculated neutron yields at 

different angles and for other materials are discussed and compared with the measured data 

in our previous work (Bakhtiari, Jung and Lee, 2022). In this paper, only the comparison 

results of a cylindrical 197Au target is introduced. TALYS-1.95 (Koning, Hilaire and 

Goriely, 2019) was also used to calculate the double differential cross sections (DDX) of 
197Au(γ,xn) reaction to investigate the contributions of each mechanism to the neutron 

production yields. 

2.3. Results 

The double differential cross sections of 197Au(γ,xn) reaction were calculated using 

TALYS-1.95 to illustrate the contributions of abovementioned mechanisms to the neutron 

emission spectrum, and the results are shown for comparison in Figure 2.1. These results 

indicate that the compound mechanism is dominant up to the emitted neutron energy of 

4 MeV for this reaction. After that the preequilibrium becomes important in the neutron 

emission process. The direct contribution is very small. The data by Tuyet et al. were 

measured using polarized photons with the polarization angle of 0° and are shown in 

Figure 2.2. It is seen that all the codes regenerate the compound (evaporation) part of the 

spectrum well. Generally, MCNP6.1(ENDF/B-VII.0) is more consistent with the 

experimental data up to 8 MeV. The PHITS data drop at the emitted neutron energy of 
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4 MeV because it does not consider the preequilibrium mechanism at this incident photon 

energy. FLUKA, MCNP6.1(IAEA/PD-2019) and MCNP6.1(physics-Lorentzian) results 

tend to be larger than PHITS results as they consider preequilibrium mechanism into 

account. However, they still underestimate the experimental data. All the codes failed to 

reproduce the experimental data above emitted neutron energy of 8 MeV which are related 

to the direct mechanism. These results show that the compound mechanism is dominant up 

to emitted neutron energy of 4 MeV for photonuclear reaction. Above this energy, the 

preequilibrium mechanism becomes important in the neutron emission process. The models 

that describe the direct mechanism are insufficient in the Monte Carlo codes. Therefore, 

the direct mechanism contribution to the calculated neutron production yields is negligible 

so that the Monte Carlo codes underestimate the experimental data at high emitted neutron 

energies. 

Figure 2.1. Contribution of compound, preequilibrium and direct mechanisms to the DDX 

calculated by TALYS. 

 

Figure 2.2. Experimental and calculated photoneutron production yields at 30° from 197Au 

target induced by 16.6-MeV photons. 
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2.4. Summary and Conclusions 

The contributions of the compound, preequilibrium and direct mechanisms to the 

photoneutron emission were investigated for 16.6 MeV photon induced reactions. Three 

Monte Carlo codes as well as TALYS-1.95 were used in this work. The preequilibrium 

mechanism becomes important above the emitted neutron energy of 4 MeV for 197Au(γ,xn) 

reaction. MCNP6.1(ENDF/B-VII.0) could reproduce the experimental data well up to 

8 MeV. All the codes could not reproduce the high energy neutrons. The monoenergetic 

photons play a very important role to study the photonuclear reactions and its governing 

physics. It is concluded that the nuclear data libraries and nuclear models describing 

photonuclear reactions in the Monte Carlo codes need to be improved especially above the 

evaporation part. 
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In their eagerness to improve clinical results, the delivery methods in proton therapy are 

moving towards more precise techniques with the goal of increasing their therapeutic index 

(TI). Once the primal passive scattering methods were overcome by current active scanning 

process, the evolution continues and new methods such as arc therapy, proton minibeams 

or flash therapy, among others, are currently in several stages of development and 

research. For example, Proton Monoenergetic Arc Therapy (PMAT) uses isoenergetic 

fields from 360º degrees, with lower energies than conventional ones, but for a longer time. 

On the other hand, Proton Flash-Therapy (PFT), usually involves dose rates above 40 

Gy/s, much bigger than around 0.1 Gy/s in current treatments, which supposes pulsed 

neutron fields of high energy and intensity. Obviously, trials of these methods are carried 

out in existing facilities, so the big question would be if the radiation protection measures 

in current proton centers are ready for the fresh challenges. Consequently, the main goal 

of this work has been to develop comparative analysis, using Monte Carlo codes (MCNP 

and PHITS) and experimental measurements, of the impact on the radiation protection of 

different proton dose delivery modes under development. The new delivery methods 

compared were PMAT and PFT against the current Intensity Modulated Proton Therapy 

(IMPT). For PMAT, both experimental measurements and simulations with MCNP6 and 

PHITS codes have been reached. For PFT, only calculation with Monte Carlo methods has 

been developed. Results show that with PMAT, higher neutron fluences are generated, but 

with lower energy, therefore, its impact is greater on activation, but lower on the ambient 

dose equivalent, hence, the shielding requirements could be reduced. However, for PFT 

mode, current shielding should be reviewed with caution since the energies used are the 

higher and the Instantaneous Doses Rates (IDR) outside walls could overtake legal limits 

in some cases, depending on the country. Mitigating actions could be limiting orientation 

of beam and occupancies in some spaces, using special concretes in different areas, or 

change the design and location of treatment control room. Experimental measurements 

could help to achieve more precise assumptions, but neutron monitors must be able of 

measuring high-energy neutrons in pulsed fields. Active measurements should be supported 

with reliable data from passive monitors. Evenly, the impact over others relevant aspect of 

radioprotection, as activation or personal dosimetry should be carefully reviewed. 

3.1. Introduction 

Radiotherapy is a discipline in continuous evolution, with increasing speed of change, as 

well as particle therapy in general, and particularly proton therapy. Over the years, clinical 

radiotherapy treatments have undergone different improvements to achieve their main goal, 



14    

  

  

which is to kill cancer cells through enough irradiation of tumoral tissues, while protecting 

surrounding healthy structures, as much as possible (Carabe et al., 2020a). 

This could be assessed by the so-called Therapeutic Index (TI), which relates Tumour 

Control Probability (TCP), and Probability of Normal Tissue Complication (NTCP). 

Improvements in delivery methods seek to increase TI, however, there is always a trade-

off in increasing the amount of dose delivered to the tumour, as normal tissue is 

simultaneously exposed to damaging radiation (Paganetti et al., 2021). 

A key aspect with radiation treatments is the method use to deliver the dose, since 

generation of secondary radiation is highly dependent on the elements used in the line and 

nozzle to shape the tumour. In proton therapy and charged particles radiotherapies, the 

target volume is covered by the transverse and longitudinal Spread-Out Bragg Peaks 

(SOBP). With passive systems, this is accomplished by combining some metallic and 

plastics elements as scatterers, range shifter, collimator and SOBP modulator, with the 

result of generating a large amount of secondary radiation, and unnecessary exposure to 

normal tissues. With active methods, using Pencil Beam Scanning (PBS), the target 

coverage is achieved by scanning the beam laterally, in x and y axis, respectively, and 

delivering spots at a given depth, in consecutive layers of different energy, from the distal 

to the proximal, until the irradiation of the whole volume. The cornerstone of current active 

methods is IMPT, Intensity Modulated Proton Therapy (Alshaikhi et al., 2021). 

New delivery modes are under investigation, such as Proton Flash Therapy (PFT), an 

emerging technique with significant interest and a great potential to revolutionize 

radiotherapy, by targeting an increase in the TI due to the biologic advantages of reduced 

normal tissue complications through the tissue-sparing flash effect. Although there is no 

general criterion at the moment, PFT involves dose rates above 40 Gy/s, much bigger than 

around 0.1 Gy/s in current treatments. Other methods under study are Proton 

Monoenergetic Arc Therapy (PMAT), and Proton Minibeams (PMB). In any case, changes 

and developments in technical systems and equipment of proton therapy facilities always 

have an impact on the generation of secondary radiation, sometimes reducing it, and others 

just the opposite, elsewhere, it should be necessary to develop a suitable methodology to 

assess the impact of new delivery methods on radiation protection (Mazal et al., 2021). 

Consequently, the goal of this work was to carry out a comparative analysis between the 

secondary neutron fields produced with some of new delivery modes currently under 

development, PMAT and PFT, compared with IMPT, the current standard scanning method 

used in most proton therapy centers around the world. 

In the benchmark of PMAT versus IMPT, both, experimental measurements, and 

simulations with PHITS Monte Carlo code, were carried out. Measurements were reached 

at different distances and angles from the cylindrical phantom used in radiobiological tests. 

To achieve an approximate but real continuous arc irradiation, the proton beam was 

delivered following a constant direction, while the phantom rotates with a predetermined 

speed to reach the planned dose distribution over the different cell colonies on Petri plates, 

placed inside the phantom. These experimental data were developed in the Fixed Beam 

Treatment Room (FBTR) of the Roberts Proton Therapy Center (RPTC), at the University 

of Pennsylvania (UPenn), at the same time as the comparative studies on radiobiological 

effectiveness with both treatments, developed by Professor Carabe-Fernández and his team 

over the last few years (Carabe et al., 2020b), (Bertolet and Carabe, 2020). Experimental 

measurements were carried out using PRESCILA (Proton Recoil Scintillator-Los Alamos), 

a scintillator neutron detector with a range of several hundred of MeV (Olsher et al., 2004). 

In the benchmark of PFT versus IMPT, exclusively simulations with PHITS, Monte Carlo 

codes were developed. 
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3.2. Benchmarking of neutron dose equivalent of PMAT versus IMPT 

a. Characterization and goals in radiobiological experiments with PMAT 

Specific details and complete features of radiobiological experiments are collected 

elsewhere, (Carabe et al., 2020b), and (Bertolet and Carabe, 2020). All data of treatments 

in this section are selected from such references. Radiobiological experiments employed a 

cylindrical rotating phantom, similar as shown in Figure 1.1. 

Figure 3.1 Details of cylindrical phantom and dosimetric characteristics with IMPT and PMAT 

 

Source Carabe et al. (2020b) 

The cylindrical phantom has several hollows to place Petri dishes with different types of 

cells inside, checking the damage by irradiation with proton delivery modes under study. 

The proton beam has a fixed direction, while the phantom rotates with a predetermined 

speed, depending on the final dose planned, reaching at this way the irradiation type in arc. 

Simultaneously with radiobiological experiments, ambient dose equivalent by neutrons, 

H*(10), was measured, at different distances and angles from the cylindrical phantom. 

b. Equivalent dosimetric plans 

Complete irradiation plans and full dosimetric details with both modalities, IMPT and 

PMAT, are equivalent, with a planned clinical dose of 6 Gy. Each PMAT treatment is dose-

equivalent to IMPT treatment with three fields at 90°, as collected in Figure 3.1. 

To develop experimental measurements of neutron doses, a number of 36 irradiations were 

carried out, 19 with PMAT and 17 with IMPT, respectively The mean (absolute) clinical 

dose delivered with PMAT was 14,090 Monitor Units (MU), with a mean irradiation time 

of 7 minutes, 44 seconds (464 seconds) per treatment, and a constant range of 10.1 g/cm2, 

that means the radius of the cylindrical phantom, and a energy of 117.15 MeV. 
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On the other hand, with IMPT, the mean (absolute) clinical dose delivered per field was 

3,840 MU, with a mean irradiation time of 1 minute, 11 seconds (71 seconds), and a 

maximum range of 14.12 g/cm2, corresponding to the maximum energy of 141.7 MeV, with 

a modulation in 13 layers, up to 6.31 g/cm2, which represents an energy of 89.5 MeV. 

The range of energies with PMAT roughly covers the outer layer of the phantom (6.15 cm), 

plus the diameter of the hollow for Petri dishes (7.7 cm in total). The ionization chamber 

calibration for absolute dosimetry was 3 nC per MU, and the air gap, d=0.2 cm. MU is the 

system used in many centers to control and verify the dose delivered in the treatments  

c. Experimental configuration and set-up 

The three main elements of the experimental configuration considered in the work were the 

Fixed Beam (FBTR), the rotating cylindrical phantom, and the PRESCILA device. 

Geometric and technical features of cylindrical phantom (diameter 20 cm), as well as 

composition and other elements, are equally included in the works mentioned, (Carabe-

Fernández et al., 2020b), and (Bertolet and Carabe, 2020), respectively. 

Figure 3.2 Experimental setup in the Fixed Beam Treatment Room (FBTR) of RPTC (UPenn) 

 

The Figure 3.2 shows the nozzle of the fixed beam (FBTR), the rotating phantom (in dark 

blue) on top of the couch, as well as the PRESCILA detector, in middle of the picture. 

Upper right of the figure, several details of cylindrical phantom are collected, including 

hollows for Petri dishes, and the swivel base (in black). 

d. Operational quantity and points of measurements neutron fields 

The operational quantity for benchmarking was the ambient dose equivalent, H*(10). The 

points around the center of phantom, where experimental measurements were carried out, 

both with PMAT and IMPT modes, are shown in next Figure 3.3. Positions 1 to 5 are placed 

at 1m from the center of the cylindrical phantom, whereas Positions 1’ to 5’, are placed at 

1.8 m. The angles of measurements are between -90º to 90º, at intervals of 45º, considering 

the irradiation direction of the proton beam in the picture (FBTR) as 0º. Thus, the total 

number of positions were 10 points, marked with a green dot in the Figure 3.3. 
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Figure 3.3 Location of the measurement points with respect to the isocenter 

 

The isocenter is the crossing point between the axis of irradiation and the axis of the couch, 

at the vertical midpoint of the cylindrical phantom. 

e. PRECILA neutron detector 

The neutron detector, PRESCILA, is an scintillator type, and can work in a range up to 

hundreds of MeV. The characterization of the device was carried out considering a 

calibration factor, C=420 pSv/count, according to data (Olsher et al., 2004). 

f. Results reached comparing PMAT versus IMPT 

Figure 3.4. shows values of H*(10) for both modes of protons delivery, IMPT and PMAT, 

respectively, at 1 m (Positions 1 to 5), and 1.8 m (Positions 1’ to 5’), from isocenter. In 

IMPT, only a single irradiation field was considered, corresponding to 3,840 MU. 

Uncertainties assumed in positions and measurements were below 10%. 

Figure 3.4 Comparation of H*(10) IMPT/PMAT at 1 m and 1.8 m, IMPT with one field 

 

As observed in Figure 3.4, the neutron dose with both, PMAT and IMPT (with a single fied) 

has the same order of magnitude. The greater the distance from phantom, the more similar 

the ambient dose with both delivery modes, however, the dose with IMPT is almost three 

times that with PMAT. Higher neutron generation is in Position 1, opposite to irradiation 

direction (0º), with neutrons from spallation reactions and evaporation processes. 

On te other hand, next Figure 3.5 shows values of H*(10), with the same assumptions as in 

Figure 3.4, but now considering three fields of irradiations for IMPT, with an absolute dose 

per field of 3,840 MU. The angle between the three fields was 90º, as shown in Figure 3.1. 
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Figure 3.5 Comparation of H*(10) IMPT/PMAT at 1 m and 1.8 m, IMPT with three fields 

 

As observed in Figure 3.5, the dose with PMAT is logically the same, because irradiation 

plans are the equals, however, the dose with IMPT, considering now three irradiation fields, 

is from 5 to 10 times higher than dose with PMAT, depending on the position. In Figure 3.4 

and 1.5, ambient doses are not totally symmetrical, because the room is not symmetrical 

either, and the neutron backscaterring is slightly different. 

Neutron detector PRESCILA, directly measures ambient dose equivalent, H*(10), using its 

calibration factor, therefore, to roughly estimate neutron yielding in each treatment mode, 

a model of the Fixed Beam Treatment Room (FBTR) was developed with Monte Carlo code 

PHITS (Sato et al., 2018), based on information from (De Smet et al., 2017). 

The geometry of FBTR is shown in Figure 3.6, with the main enclosures and materials used 

(conventional concrete, air, and water-equivalent phantom), and the insertion of Figure 3.3 

with the locations of measurements points. The Position 1 is in front of beam (0º), at 1 m 

from the axis of phantom. The spectra at 1.8 m from the isocenter are collected in the same 

figure, on the righ side, on top for IMPT (with three fields), and for PMAT on the bottom. 

The energy of neutrons yielded with IMPT is two orders of magnitude higher than with 

PMAT, due to the energy (range) of the protons used in the different modess, with a direct 

impact on both, the ambient dose and the shielding and attenuation materials in the barriers. 

Figure 3.6 Comparations of experimental meassurements and calculations with Monte Carlo 
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Results of ambient dose equivalent H*(10) at Position 1 are included in the table at the 

bottom of the Figure 3.6, with a value of 86 (±4) mSv/h, when calculating the theoretical 

response of PRESCILA with PHITS, 88 (±3) mSv/h, in the calculation with PHITS, but in 

this case directly H*(10), and finally, 82 (±7) mSv/h, in experimental measurements in situ 

with PRESCILA. Considering these results, and from the point of view of operational 

radiological protection, the main conclusions would be as follow: 

1. For a treatment with IMPT with a single field, H*(10) has the same order of magnitude 

with both modes, although with PMAT is between two and three times lower. 

2. For an equivalent treatment of PMAT and with IMPT (with three fields), H*(10) is from 

five to ten times higher with IMPT versus PMAT. 

3. Neutrons yielding, per proton of treatment, with IMPT (three fields) is almost two orders 

of magnitude higher with PMAT. However, as the mean energy with PMAT is lower, it is 

necessary a higher intensity in the beam to achieve the same clinical dose (two times more).  

4. The key factor of lower dose with PMAT is the use of lower energies in protons, 

monoenergetic energy of 117.14 MeV, compared with full SOBP in IMPT, where the range 

varies from 141.7 MeV for distal layer, to 89.5 MeV, for proximal layer. 

5. The lowest generation of energetic neutrons with PMAT could reduce the footprint of 

centers, since the thickness of the shielding could be lower. However, activation of barriers 

could be higher with PMAT, because its intensity higher (Ramoisiaux et al., 2022). 

In summary, PMAT would have dosimetric advantages and LET optimization in tumour, as 

shown in radiobiological works (Carabe-Fernández et al., 2020b), (Bertolet and Carabe, 

2020), while achieving a non-negligible reduction of secondary dose from neutrons, with a 

positive direct impact on both, operational radiological protection, and dose in patients. 

3.3. Benchmarking of neutron dose equivalent with PFT and IMPT 

a. PFT main features and uncertainties at the present stage of development 

Ultra-high dose rate Flash radiotherapy has shown in several in vivo studies to better 

preserve healthy tissue with equivalent tumour control compared to traditional external 

beam radiotherapy at conventional dose rates. In vitro studies using ultra-high dose rate 

were also carried out to study the Flash effect of cell culture. The differential response in 

terms of normal tissue toxicity and tumour control is very attractive, as Flash may allow 

for reduced organ toxicities and/or a safer dose escalation to the tumour target than would 

be achievable with standard dose rates (Poirier et al., 2021). 

However, while preclinical results have shown significantly reduced toxicities to healthy 

tissues while maintaining excellent tumour control, and trials are encouraging, in the design 

of shielding of the current proton therapy centers, the irradiation conditions of flash therapy 

with protons were not considered (Xiao et al., 2022). Nevertheless, in the current state of 

knowledge, there are several relevant uncertainties, linked to radiation protection with PFT 

irradiation mode, among which, the following could be highlighted (Zou et al., 2021): 

1.Currently, PFT involves two different methods, one by transmission, and the second 

known as Bragg Peak method, with specific features and different impact on radiation 

protection. The neutron fields will depend on where and how the beam is stopped in the 

transmission, or on how the Bragg peak will be shaped with Flash. 

2. There is still no uniform criteria on dose rates for PFT, with figures from 10 Gy/s to 300 

Gy/s, depending on the work consulted, however, always much bigger than 0.1 Gy/s in 

current treatments. Obviously, the impact would be very different with each dose rate. 
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3. Currently it is unknown, and difficult to quantify in future centers, the number of 

treatments carried out with each modality, IMPT, PMAT, PFT, and others under research. 

Clearly, PFT will be a disruptive method, very tough and demanding, in terms of radiation 

protection conditions, with a great impact on workload considered in the design of center. 

4. Pulsed neutron fields (PNFs) are yielded in flash treatments, hence, verifications and 

measurements must be carried out with suitable neutron devices, as extended-range REM-

meters suitable for pulsed fields, supported by passive systems (without dead time). At 

present, only some devices could measure properly PNFs (Caresana et al., 2022), (Zorloni 

et al., 2022a), (Zorloni et al., 2022b). 

5. There are Instantaneous Dose Rate (IDR) limits in some national regulations of different 

countries. The critical place is the Control Room (TCR), with Occupancy factor, T=1. 

Once the impact of PFT can be assessed because the mentioned uncertainties have been 

clarified, it will be certainly necessary to adapt existing facilities. 

Consequently, two simple cases were simulated for this preliminary study of impact of PFT 

on Compact Centers (CPTC). Case 1, comparing IMPT, PMAT and PFT, with a total 

clinical dose of 6 Gy, and Case 2, PFT with a dose rate of 25 Gy/s. In both cases, the hourly 

dose rate (HDR) was calculated, in uSv/h, in the control room (TCR), assuming an 

occupancy factor, T=1. 

b. Case 1: Clinical treatment with total dose of 6 Gy, comparing three delivery modes. 

The following hypothesis were assumed in each mode: 

1. IMPT: three treatment fields at 90º, with SOBPs between 141.7 MeV and 89.5 MeV, a 

modulation in 13 layers, and irradiation time of 213 s (dose rate, 0.028 Gy/s) 

2. PMAT: monoenergetic beams, 117.5 MeV, irradiation time, 464 s (dose rate, 0.013 Gy/s). 

3. PFT: transmission method, beam stopping in a 40x40x40 cm3 water phantom placed 

behind the patient (cylindrical phantom), irradiation time, 0.5 s (dose rate, 12 Gy/s). 

Code settings were the same throughout the work: a number of histories enough to achieve 

statistical uncertainties under 5%, mix & match option, default physics models, (CEM03.03 

for intranuclear cascade and GEM for evaporation), and JENDL3.3. nuclear data library. 

As shown in Figure 3.7, in Case 1, the ambient dose rate with the three modalities would 

be below 10 uSv/h. This hourly dose rate (HDR), is a practical reference for exposed 

workers in many countries, considering a limit of 20 mSv/year, and 2000-hour annual shift. 

Taking IMPT as baseline, with a value of 5.1 uSv/h, with PMAT, the dose rate of 2.3 uSv/h 

is almost 55% lower, while with PFT, the dose reached is 7.8 uSv/h, almost 53% higher. 

Figure 3.7 PFT, Case 1, comparison of H*(10) with IMPT, PMAT and PFT for a treatment of 6 Gy  
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c. Case 2: Clinical treatment with dose rate of 25 Gy/s, PFT by transmission 

Assuming a tougher case of PFT, with a clinical dose of 12.5 Gy, delivery time in 0,5 s, by 

transmission method, and protons of 220 MeV, dose rates of H*(10), per treatment, reached 

at the control room (TCR), were 18 uSv/h, an 80% over the HDR reference of 10 uSv/h. 

Figure 3.8 PFT, Case 2, protons of 220 MeV, transmission mode, dose rate, 25 Gy/s. 

 

As observed in Figure 3.8 with red ellipses, the main tricky areas, from radiation protection 

point of view, are the corridor on the right side of the picture, just in front of the isocenter, 

and the Treatment Control Room (TCR), placed at top of the footprint. 

To assess the impact of PFT methods, more accurately, it would be necessary to collect 

experimental data at the same time when the radiobiological experiments were carried on. 

Some fresh papers about experimental measurements recently published conclude that 

current shielding is fit for PFT treatments (Xiao et al., 2022). Measurements of the work 

were carried out with devices that underestimates the doses in pulsed neutron fields by 

almost 40%, so the conclusions could be a little bit hasty. Even for small pulsed fields, the 

performance of conventional neutron devices is not always reliable (Caresana et al., 2022), 

(Zorloni et al., 2022a), (Zorloni et al., 2022b). 

Therefore, it would be highly recommended to support the measurements of active devices 

with reliable data from passive equipment (ambient monitors, Bonner spheres, obviously 

with passive detectors), because they have no dead time, and are also insensitive to photons. 

The main drawback is their low sensitivity, and therefore, a long exposure time is required. 

Additionally, until treatment workloads with PFT modality were accurately established, 

some short-term mitigation actions could be limiting gantry orientation to certain angles 

(Yan et al., 2014), limiting occupancies in some spaces and areas during PFT irradiation, 

or using protective mobile screens to reduce instantaneous doses. 



22    

  

  

In the medium term, the actions could be deeper, such as changing the orientation of the 

control room, or using high-density concrete in the maze areas, as shown in Figure 3.9. 

Figure 3.9 PFT, some proposal for mitigating measures in the medium term. 

 

Figure 3.9 shows the area with high-density concrete (green colour), in the legs of the maze. 

Protection of TCR would increase, since said space would be protected by the two legs of 

the maze. In addition, if the orientation of TCR changes 90º, this room could be protected 

by both legs of the maze and reducing significantly the HDR and consequently, yearly 

ambient dose. Suitable detection devices for PNFs of this nature, should be placed based 

on the expected pulse size and feature (García-Fernández et al., 2023). 

3.4. Summary and Conclusions 

The goal of this work has been to perform a comparative analysis and benchmarking 

between neutron fields produced with some new proton delivery modes under 

development, as PMAT and PFT, and those produced with standard scanning mode 

currently used in most proton therapy centers around the world, IMPT, to assess the impact 

of these modalities under development, on the radiation protection of the facilities. 

Results show that with PMAT, higher fluences of neutrons are yielded, but with lower 

energy, therefore, its impact is greater in activation, the higher the intensity the greater the 

activation, but lower in the ambient dose equivalent, hence, shielding requirements could 

be reduced, lowering the cost in the building of this centers. 

The main reason of a lower dose with PMAT would be the use of proton beam with lower 

energies, 117.14 MeV, compared to a full SOBP with IMPT, and energy in a range from 

141.7 MeV to 89.5 MeV. The reduction of the generation of secondary neutrons with PMAT 

could have an impact on space requirements, due to potential reduction in wall thickness 

of the room and reducing the footprint of centers. 

In summary, PMAT would have dosimetric advantages and optimization of LET in the 

tumour, as collected elsewhere in corresponding radiobiological works (Carabe et al., 

2020b), (Bertolet and Carabe, 2020), with a non-negligible reduction of secondary 

neutrons, and direct positive impact, both, on operational radiation protection and on the 

patient. 
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However, for proton flash therapy, PFT, the advice would be the assessment of current 

barriers, because the energies used are the maximum, and the IDR outside the barriers could 

exceed the legal limits in some cases, depending on the country. 

Mitigation actions could be limiting the gantry orientation and occupancies in some spaces, 

using special concretes in different areas, or changing the design and location of TCR. 

Experimental measurements are essential and could help to do more accurate assumptions, 

but neutron monitors need to be able to measure high-energy PNFs. Active measurements 

must be backed up with reliable data from passive monitors. Likewise, the impact of these 

new dose application methods on other relevant aspects of radioprotection such as 

activation of air, water or ground, or personal dosimetry, should be carefully reviewed. 
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In proton accelerator facilities, radiation damage calculations are necessary to evaluate 

its lifetime of target materials, which are exposed to the proton beam. Target lifetime 

evaluation relies on an assessment of energy deposition, particle (neutron, proton, pion, 

etc.) fluences, and Displacement Per Atom (DPA) calculations. Since benchmarking 

against experimental data is not possible for not directly observable physical quantities in 

the target, it is important to perform intercomparison among various Monte Carlo 

radiation-matter simulation codes, e.g. FLUKA v4-3.0, MCNP6.2 and PHITS3.26. In this 

work, the following four cases were selected for intercomparison of radiation damage 

calculations for target materials: 1) a neutron source with 30 MeV protons injected into a 

beryllium target, 2) a spallation neutron source at LANSCE with 800 MeV protons injected 

into a tungsten target, 3) a neutrino source with 30 GeV protons injected into a graphite 

target, and 4) an antiproton source at FNAL's pbar target station with 120 GeV protons 

injected into a copper target. The quantities used for the intercomparison are depth 

distributions of NRT-DPA (standard index of displacement damage), arc-DPA (modified 

index of displacement damage), deposited heat, and particle (proton, neutron, pion+, and 

pion-) fluence. For cases 1 and 2, the distribution of DPA was almost the same among the 

MC codes. On the other hand, for cases 3 and 4, the DPA values for MCNP6.2 and 

PHITS3.26, which consider displacement cross sections for protons and neutrons only, 

were smaller than those for FLUKA v4-3.0, which considers displacement cross sections 

for all particles, because many types of particles are produced in high-energy proton-

induced nuclear reactions above 10 GeV. 

4.1. Introduction 

High-power proton accelerators with energies between several tens of megaelectronvolt 

and a few hundred gigaelectronvolt are used for the production of secondary particles from 

various target materials for material science, radiation therapy, and physics research. In the 

design and operation of accelerator facilities, it is important to assess the radiation damage 

in the target material, relying on physical quantities such as displacement per atom (DPA) 

and energy deposition, as well as particle fluences. Monte Carlo (MC) particle transport 

codes such as FLUKA (Ahdida et al., 2022; Battistoni et al., 2015) hosted by CERN, 

MARS (Mokhov et al., 1995; Mokhov et al., 2007; Mokhov et al., 2014), MCNP6.2 

(Goorley et al., 2012), and PHITS (Sato et al., 2018) are widely used to calculate these 

quantities in accelerator facilities. Although the same nuclear data libraries such as ENDF-

B-VIII.0 (Brown et al., 2018) and JENDL-4.0 (Shibata et al., 2011) are used by some of 

the above codes, such as MCNP6.2 and PHITS, different implementation of the libraries 

can give different results. Moreover, the nuclear physics models adopted by the various 

codes (used here to perform nuclear interactions between proton and the target materials at 
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energies above the higher energy limit covered by nuclear data libraries) are naturally 

different. It is therefore essential to validate radiation-damage simulation results among 

various MC codes.  

Radiation damage assessments are necessary to evaluate the target lifetime, requiring an 

evaluation of energy deposition, particle (neutron, proton, pion, etc.) fluences, and 

Displacement Per Atom (DPA). Since benchmarking against experimental data is not 

accessible for not directly observable physical quantities in the target, it is important to 

perform code intercomparison. In 2017, a code intercomparison of radiation damage in 

graphite and titanium targets under proton irradiation at various energies was performed by 

Mokhov et al. (Mokhov et al., 2017). In the present contribution, four representative targets 

under irradiation by protons of different energies are considered (see below), with the aim 

of highlighting differences in the predictions of the various participating codes. The 

following representative target examples were considered for intercomparison of radiation 

damage assessments: 1) a neutron source with 30 MeV protons injected into a beryllium 

target, 2) a spallation neutron source at the Los Alamos Neutron Science Center 

(LANSCE). with 800 MeV protons injected into a tungsten target, 3) a neutrino source with 

30 GeV protons injected into a graphite target, and 4) an antiproton source at pbar target 

station with 120 GeV protons injected into a copper target at the Fermi National Accelerator 

Laboratory (FNAL). The considered physical observables are energy deposition, particle 

fluence, and DPA in the target, scored with FLUKA v4-3.0, MCNP6.2, and PHITS3.26.  

This paper is organized as follows. In section 2, a detailed description of the simulation 

setup is provided, as well as a succinct account of the main differences in the physics 

models and DPA calculation schemes among the participating codes. In Section 3, a 

discussion of the simulation results is provided. Finally, a summary and conclusions are 

provided in Section 4. 

4.2. Simulation details 

A succinct summary of the considered simulation scenarios is provided in Table 4.1, 

including the characteristics of the proton beam, as well as the dimensions and material 

composition of the target. Case 1 is for a neutron source with a 30 MeV proton beam 

impinging on a 5.5 mm thick beryllium target. Protons are fully stopped in this target. Case 

2 is for a spallation neutron source with an 800 MeV proton beam impinging on a 20 cm 

thick tungsten target at LANSCE. Case 3 is for a neutrino source with a 30 GeV proton 

beam impinging on a 90 cm thick graphite target at J-PARC. Case 4 is for an antiproton 

source with 120 GeV proton impinging on a 20 cm thick copper target at the pbar target 

station at FNAL. 

Table 4.1. Calculation condition with information of proton beam and target 

Case Beam Target Size Density 

Case 1: Neutron source with the 
9Be(p,n) reaction  

30 MeV proton with 

6 cm radius 

Beryllium 5.5 mm thickness and 

6 cm radius 

1.85 g/cm3 

Case 2: Spallation neutron source 

in LANSCE 

800 MeV proton 

with 1 cm radius 

Tungsten 20 cm thickness and 

1 cm radius 

19.3 g/cm3 

Case 3: Neutrino source target in 

J-PARC 

30 GeV proton with 

1 cm radius 

Carbon 90 cm thickness and 

1 cm radius 

2.2 g/cm3 

Case 4: Antiproton source target in 

the pbar target station at FNAL 

120 GeV proton 

with 1 cm radius 

Copper 20 cm thickness and 

1 cm radius 

8.96 g/cm3 
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For all four cases, the following quantities are scored: fluences of proton, neutron, pion+, 

and pion-, energy deposition, NRT dpa (Norgett et al., 1975) and the athermal 

recombination correction (arc) dpa (Nordlund et al., 2018). All quantities are scored on a 

radius-depth mesh with one radial bin and 50 bins along the target depth. 

4.2.1. Physics models in codes for this work 

Figure 1 shows the physical model included in MC codes used for this work. For the 

FLUKA v4-3.0 calculation, the PEANUT model (Ferrari et al., 1998) is used for nuclear 

reactions of all hadrons from threshold energy up to 20 TeV, with the particular case of 

neutron reactions, accounted for in this reaction model down to 20 MeV. Below 20 MeV, 

instead, neutron interactions are treated in a group-wise manner for the purposes of this 

benchmark (note, however, that as of FLUKA v4-3.0 a point-wise treatment of low-energy 

neutron interactions is also available). For the MCNP6.2 calculation, nuclear reaction 

models, Cascade-Exciton Model (CEM) (Mashnik et al., 2008) and Los-Alamos Quark-

Gluon String Model (LAQGSM) (Mashnik et al., 2008), are used for protons above 200 

MeV, pions above 0.149 MeV, and neutrons above 200 MeV, respectively. The nuclear 

data library, JENDL-4.0/HE (Kunieda et al., 2016), is used for neutrons below 200 MeV. 

For the PHITS3.26 nuclear reaction models, the Liège intranuclear cascade model 

(INCL4.6) (Boudard et al., 2013) and Jet AA Microscopic Transportation Model (JAM) 

(Nara et al., 2000), are used for neutrons above 20 MeV, and protons and pions above 1 

MeV, respectively. The event generator mode was applied to the neutron incident reaction 

below 20 MeV. 

Figure 1. Physics models in MC codes used in this work 

 
 

4.2.2. DPA calculation method 

The displacement cross section is determined by the number of atomic displacements as 

shown below:  
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𝐃𝐏𝐀 = ∫ 𝜎disp(𝐸) ∅(𝐸)𝑑𝐸 

𝑁NRT(𝑇d) = 0   , 𝑇d < 𝐸d 

                                    1   , 𝐸d < 𝑇d <
2𝐸d

0.8
 

                                       
0.8

2𝐸d
𝑇d ,        

2𝐸d

0.8
< 𝑇d < ∞ 

where 𝜎disp is the displacement cross section of the incident particle, E is the kinetic energy 

of the incident particle, ∅ is the particle fluence, Td is the damage energy, and Ed is the 

displacement energy in a material. In the NRT model developed in 1975 (Norgett et al., 

1975), the atomic displacement number, NNRT, was the ratio of the damage energy 

transferred to a lattice atom to the threshold energy. In 2018, a new method, the athermal 

recombination corrected (arc) DPA model, based on Molecular Dynamics simulations was 

proposed (Nordlund et al., 2018). The arc model proposes the defect production efficiency 

as a function of damage energy as shown below: 

       𝑁arc(𝑇d) = 0   , 𝑇d < 𝐸d 

                                          1   , 𝐸d < 𝑇d <
2𝐸d

0.8
 

                                                           
0.8𝑇d

2𝐸d
𝜁𝑎𝑟𝑐(𝑇d),        

2𝐸d

0.8
< 𝑇d < ∞ 

 

ζ𝑎𝑟𝑐(𝑇d) =
1 − 𝑐arcdpa

(2 𝐸d 0.8⁄ )𝑏arcdpa
𝑇

d

𝑏arcdpa + 𝑐arcdpa 

where barcdpa, carcdpa, and Ed, threshold damage energy, are material-dependent parameters. 

Table 4.2 summarizes material-dependent parameters for displacement cross sections used 

in this work. For FLUKA v4-3.0 and PHITS3.26, material-dependent parameters were 

obtained from references (Iwamoto et al. 2020; Konobeyev et al. 2017).  

Table 4.2. Material-dependent parameters for displacement cross sections used in this work 

 Be, Case 1 W, Case 2 C, Case 3 Cu, Case 4 

barcdpa -1 for FLUKA v4-3.0 and 

PHITS3.26 

-0.56 for FLUKA v4-3.0 and 

PHITS3.26 

-0.564 for MCNP6.2 

-1 for FLUKA v4-3.0 and 

PHITS3.26 

-0.68 for all 

carcdpa 0.46 for FLUKA v4-3.0 and 

PHITS3.26 

0.12 for FLUKA v4-3.0 and 

PHITS3.26 

0.119 for MCNP6.2 

0.710 for FLUKA v4-3.0 and 

PHITS3.26 

0.16 for all 

Ed 31 eV for FLUKA v4-3.0 and 

PHITS3.26 

31.19 eV for MCNP6.2 

70 eV for all 69 eV for FLUKA v4-3.0 and 

PHITS3.26 

69.28 eV for MCNP6.2 

33 eV for FLUKA v4-3.0 and 

PHITS3.26 

30 eV for MCNP6.2 

Note: The parameters of barcdpa and carcdpa for displacement cross sections used in MCNP6.2 are not indicated.  

The NRT- and arc- displacement cross sections calculated with FLUKA v4-3.0 and 

PHITS3.26 were employed in the radiation damage calculations using the respective codes. 

All material-dependent parameters used in each MC code are almost same. Note that NRT- 

and arc- displacement cross sections used in MCNP6.2 are taken from the displacement 

cross section data based on the reference (Konobeyev et al. 2018). Since the maximum 
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energy of incident particle is 10 GeV for the displacement cross section (Konobeyev et al. 

2018), the displacement cross sections for particles with energies of 10 GeV were used for 

those above 10 GeV. DPA is calculated with MCNP6.2 code by folding displacement cross 

section with particle spectrum. The barcdpa and carcdpa parameters for the displacement cross 

sections used in MCNP6.2 are not shown in Table 4.2 due to lack of information in 

(Konobeyev et al. 2018). Calculations with MCNP6.2 and PHITS3.26 include 

displacement cross section of proton and neutron only. FLUKA v4-3.0 calculations include 

displacement cross section of all particles.   

4.3. Results and discussion 

Radiation damage distributions in depth in the target were calculated for all cases listed in 

Table 4.1. The calculated radiation damage includes NRT-dpa, arc-dpa, thermal, proton 

fluence, and neutron fluence. Except for case 1, pion+ and pion- fluences are included. 

Figure 4.2. Radiation damage distribution for 30 MeV proton on a 0.6 cm thick Be target 

 
 

Figure 4.2 displays the depth distribution of the aforementioned observables in a beryllium 

target during 30 MeV proton incidence. The 30 MeV protons stop completely within this 

target, resulting in the appearance of a Bragg peak in the energy deposition distribution. 

Between codes, all calculated results were in general agreement within a factor of 2. For 

neutron fluence, PHITS3.26 was lower than FLUKA v4-3.0 and MCNP6.2 by a factor of 

1.8. PHITS performs the 9Be(p,xn) nuclear reaction with the intra nuclear cascade model 

and the evaporation model. This difference is due to the treatment of 9Be(p,xn) nuclear 

reactions in each physics model of the FLUKA and PHITS. It can be seen that fewer 

neutrons are produced by INCL4.6 in PHITS3.26 than by PEANUT in FLUKA v4-3.0 or 

JENDL library used in MCNP6.2. As for the heat results, the Bragg peaks calculated by 
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PHITS3.26 are sharper than the others. The model of energy and angular straggling of 

protons in the target of PHITS3.26 is different from that of FLUKA v4-3.0 and MCNP6.2. 

Figure 4.3. Radiation damage distribution for 800 MeV proton on a 20 cm thick W target 

 

Figure 4.3 displays the depth distribution of the aforementioned observables in a tungsten 

target for 800 MeV proton incidence. All results agree within a factor of 2 among codes, 

except for the pion- fluence. The pion- fluence calculated by MCNP6.2 is about three times 

larger than that of FLUKA v4-3.0 and PHITS3.26. As the energy of the incident proton 

increases, the number of pions increases due to high energy nuclear reactions. The 

difference in pion fluence is attributed to the difference in nuclear reaction models. In NRT-

DPA and arc-DPA, FLUKA v4-3.0 results are higher than the other codes, even though 

FLUKA v4-3.0 has the same proton and neutron fluence as the other codes; the difference 

in DPA between MC codes is attributed to the difference in proton and neutron 

displacement cross sections used in each MC code. 
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Figure 4.4. Radiation damage distribution for 30 GeV proton on a 90 cm thick Graphite 

 

Figure 4.4 displays the depth distribution of the aforementioned observables in a graphite 

target for 30 GeV proton incidence. The results, except for the distribution of DPA, are 

consistent within a factor of 2 among MC codes. On the other hand, the calculation of DPA 

differs among MC codes. The difference in DPA between MCNP6.2 and PHITS3.26 is due 

to the difference in neutron fluence when the displacement cross section used in MCNP6.2 

is the same as in PHITS3.26. The DPAs calculated with FLUKA v4-3.0 are larger than the 

others even though the neutron fluence calculated with FLUKA v4-3.0 is lower than the 

others. This is due to the fact that the MCNP6.2 and PHITS3.26 calculations includes 

displacement cross sections for protons and neutrons only, whereas the FLUKA4-3.0 

calculation includes displacement cross sections for all particles. A comparison of Figures 

4.3 and 4.4 shows that the higher the proton energy, the larger the contribution of particles 

other than protons and neutrons, resulting in a larger difference in DPA. 
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Figure 4.5. Radiation damage distribution for 120 GeV proton on a 20 cm thick copper 

 

Figure 4.5 displays the depth distribution of the aforementioned observables in the copper 

target for 120 GeV proton incidence. The proton and neutron fluence results differ between 

codes because the hadron shower production process in copper during 120 GeV proton 

irradiation depends on the physical model used. The relationship of DPA with FLUKA4-

3.0, MCNP6.2, and PHITS3.26 are similar with those in Figure 4.4. For Heat, MCNP6.2 is 

lower than FLUKA4-3.0 and PHITS3.26 by a factor of around 5. Even though all possible 

secondary particles are transported during MCNP6.2 calculations, obtained total heating 

values for this high energy are somehow wrongly calculated. MCNP developer team has 

been informed and investigation is still ongoing. 

In the future, we will compare the proton and neutron displacement cross sections used in 

each MC code to determine the differences in the DPA distributions in all cases. We will 

also investigate the contribution of other particles such as pions, gamma-rays, and electrons 

to the DPA distribution for the 30 GeV and 120 GeV proton incident cases.   
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4.4. Summary 

Intercomparison of radiation damage calculations for target materials using FLUKA v4-

3.0, MCNP6.2, and PHITS3.26 was performed for the following four cases: 1) a neutron 

source with 30 MeV protons injected into a beryllium target, 2) a spallation neutron source 

with 800 MeV protons injected into a tungsten target at LANSCE, 3) neutrino source with 

30 GeV protons injected into a graphite target, and 4) antiproton source with 120 GeV 

protons impinging on a copper target at the FNAL pbar target station. The quantities used 

for intercomparison are the depth profiles of NRT-DPA, arc-DPA, heat, and particle 

fluence for protons, neutrons, pion+, and pion-. For cases 3 and 4, the differences between 

the codes for particle fluence and heat increased with increasing incident proton energy. 

For cases 1 and 2, the distribution of DPA was almost the same among the MC codes. On 

the other hand, for cases 3 and 4, it is clear that the DPA values for MCNP6.2 and 

PHITS3.26, which consider only proton and neutron cross sections, are smaller than those 

for FLUKA v4-3.0, which consider cross sections for all particles, because many types of 

particles are produced in high-energy proton-induced nuclear reactions above 10 GeV. 

Future work will include a comparison of the displacement cross sections used in the codes. 
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Physics of high power, ultra-intense lasers interacting with plasma is a field that 

dramatically evolved in the last years, with a growing number of multi-TW and PW-class 

dedicated facilities around the world. In a such scenario an optimized shielding assessment 

still appears to be a challenge: if on one hand the constant technological improvements 

are allowing increased energies and intensities of the emitted ionizing radiation, on the 

other hand some aspects of the underlying physical phenomena still need more 

investigation. 

In this work the shielding concept for two different, complex laser-induced radiation fields 

will be presented, as significant cases: 

(1) After accurate investigation of the dynamics of hot refluxing electrons in the interaction 

of an ultra-short relativistic laser pulse with a thin foil target via particle-in-cell (PIC) 

simulations, and comparison with experimental data, the typical Bremsstrahlung source 

term has been evaluated, taking into account for the first time the photon radiation emitted 

from the recirculating electrons in the plasma. This source term primarily drives the 

radiation protection assessment in the facilities dedicated to the investigation of the matter 

under extreme conditions. 

(2) The shielding concept of the ATHENA Lab, which is at present in construction at HZDR 

and will use the PENELOPE PW laser for biology and medical applications, will be 

presented. The shielding assessment has been realized considering two different operation 

modes: (a) a ‘full energy’ mode, where we assume that the full energy spectrum of interest 

for the biology/medical applications (up to 250 MeV) is reached via advanced acceleration 

schemes; (b) a ‘routine operation’ mode, with a lower, stable working point as maximum 

proton energy (100 MeV). The data-driven source terms used, together with the 

optimization process, will be described and discussed. 
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Over the past few decades, laser-based particle accelerators have made tremendous 

progress and attracted ever more interest from the wider scientific community. 

Multiterawatt and petawatt highpower lasers facilities are now a reality and have 

applications in physics, material science, medicine, life science, and laboratory 

astrophysics. The radiation generated in experiments using such laser systems leads to 

high prompt doses and potentially to the activation of the surrounding materials. 

Unfortunately, in comparison with conventional accelerators, accurate dosimetry at laser-

accelerated beams is still a challenge. The radiation fields produced are pulsed, mixed, 

and with high instantaneous fluxes and high dose rates. While new dosimetric techniques 

are being developed, important efforts are being put in the study of the behavior of known 

dosimetry systems in radiation fields at laser accelerators. 

This work presents a study of passive solid-state detectors for the measurement of pulsed 

radiation performed at experimental station ALFA. ALFA was commissioned at the ELI 

Beamlines laser driven user facility. Laser pulses ( <20 fs, 1kHz, 1.5 TW) were carefully 

focused inside supersonic gas targets to generate an ultra-short (fs) ultra-relativistic (10s 

MeV) electron beam. The produced secondary radiation field was studied and has provided 

useful insights in dosimetry at laser accelerator. To achieve better understanding, a 

combination of different solid-state dosimetric systems were irradiated: film badges and 

optically stimulated luminescence, thermoluminesce, and radiophotoluminescence 

dosimeters. Furthermore, detailed Monte Carlo simulations were performed. This 

contribution presents the obtained experimental data and their comparison to Monte Carlo 

predictions.  
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In the frame work of shielding design for the OL3 nuclear power plant (NPP) a special 

design solution was required to shield the areas close to the circular wall inside the Reactor 

Building. 

In the Reactor Building of the OL3 NPP, large equipment areas with high neutron and 

gamma radiation levels are separated from accessible areas by one circular shielding wall 

comprising the Reactor Coolant System. This shielding wall is penetrated by a large 

number of openings for cables and piping of different diameters and temperature 

requirements. The openings are generally realized during the construction phase by using 

sleeve pipes in the first concreting of the shielding wall. 

These openings may be used by a single pipe as well as by different pipes routed through 

the opening at different angles. The installation of the piping has generally to include 

enough flexibility to allow moving of the piping due to thermal stress and other possible 

impacts. Furthermore, the installation of the piping shall include the option to remove and 

exchange piping during plant outage. These openings have to be sealed according to the 

radiological requirements of very low radiation levels given for the accessible areas. This 

was quite demanding taking into account the huge impact induced by the Reactor Coolant 

System in the large equipment areas. 

After the sleeving – a very common standard technique - of each pipe (in some cases 

sleeving of pipes of small bore as a bundle) to allow enough flexibility after installation, 

the opening is filled with PE granules. This was done by a commonly used fan systems 

conveying the granules into the openings. These PE granules yield good neutron 

attenuation due to their high hydrogen content. Lead wool packages (used for OL3, 

comparable gamma attenuation materials can be used instead) were introduced in the 

openings at both ends to shield any gamma radiation impact.  

The complete design yielded enough space to add additional sealing for room closure 

(HVAC) and fire protection sealing as final steps of the overall sealing procedure. The 

sealing procedure is quickly performed. The preparatory works as well as the impact on 

the areas around are quite low. The seals can easily be removed for exchange or addition 

of pipes etc. 

It is shown on examples that the implementation method for the PE granules into the 

opening yielded a density that was high enough to provide sufficient neutron radiation 

attenuation. Calculations by Monte Carlo particle transport code, MCNP, showed that the 

total radiation dose rate attenuation of the complete seal is as good as of the unpenetrated 

wall. Radiological measurements during plant start-up measurements at OL3 at 60 % 

reactor power (commissioning of the plant and further increase of the reactor power is still 

ongoing) demonstrated in April that the neutron and gamma radiation dose rate levels at 

these openings are kept. According to the measurement results it can already be stated that 

the dose rates at these plugged openings will remain at the predicted low levels when 

reaching 100% reactor power. The patent applications for the plugging methodology are 

in progress. It is available under its Framatome product name “Flexible Radiation 

Plugging – Flex Rad Plug”.  
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We evaluate the neutron and muon fluxes produced in the ILC beam dump by Monte Carlo 

simulations and discuss their potential use in irradiation fields. We find that the beam 

dumps can deliver neutrons about 1011 times the cosmic radiation on spaces perpendicular 

to the beam axis and muons times downstream of the beam dumps in the initial phase of 

the ILC. Large-area irradiation of the order of 1 m2 or more is possible. Differences in the 

energy distribution of muons in electron and positron beam dumps are also discussed. 


