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ABSTRACT: Non-invasive beam monitoring tools are required to guarantee the delivered dose during ion 

irradiation. Measuring bremsstrahlung X-rays emitted directly from the irradiated medium is a promising 

approach. This work presents the feasibility of the method for different incident particles with different energies. 

A PMMA target was bombarded with helium ions of 68 MeV and protons beams of 30, 40, and 50 MeV. The 

bremsstrahlung signal, measured with a SDD, was in the magnitude of 104 X-rays/nC, indicating the significant 

sensitivity of the method. A good agreement was found (< 6%) between the experimental and simulation 

bremsstrahlung spectra. For a thick target, the bremsstrahlung yield saturates and is directly proportional to the 

beam energy and the deposited dose at the surface. In addition, the bremsstrahlung spectrum shape contains 

information about the beam energy. Therefore, the bremsstrahlung signal gives access to the deposited dose and 

beam energy with precision depending on the experimental uncertainties. 
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INTRODUCTION 

Ion beam therapy is currently in 

development, especially proton, helium, and carbon 

beams [1–6]. To improve the treatment quality, the 

determination of the biological dose induced by ion 

beams is a challenge [7,8]. Then, radiobiology 

experiments on cells are necessary to compare with 

the predictions of the biological models [9–11].  

In this frame, the ARRONAX cyclotron 

develops a platform for radiobiology experiments 

on cells with proton and helium beams with 

energies up to 70 MeV [12,13]. Ion beam 

monitoring tools are mandatory to guarantee the 

dose delivered to biological samples. The ionization 

chambers and X-ray fluorescence from thin metallic 

foils can be used to monitor the beam [12]. When 

crossing the monitor material thicknesses, the beam 

undergoes a dispersion that leads to a lateral 

spreading at the sample position particularly in the 

case of low energy beams. A  Faraday cup [14] is 

adapted to monitor the beam intensity when the 

beam crosses a thin sample. Non-invasive methods 

exist like the Ar fluorescence from the air to 

monitor the beam intensity of the incident beam 

[15]. It requires less room in the beam path and 

avoids material activation and damage induced by 

the irradiation. Nevertheless, this method does not 

give information from the irradiated medium. Non-

invasive methods using radiations emitted from the 

irradiated medium were developed in the context of 

hadrontherapy to monitor the beam range, such as 

prompt gamma measurements [16–18], PET 

acquisitions [19], and bremsstrahlung radiation 

measurements [20–23]. This work presents a non-

invasive beam monitoring method based on the 

detection of the bremsstrahlung X-rays, emitted by 

the irradiated medium, to monitor the ion beam for 

the radiobiology experiments.   

Previous works performed at the 

ARRONAX facility proved the capability of 

bremsstrahlung X-rays to monitor the deposited 
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dose induced by an alpha beam of 68 MeV [24]. The 

sensitivity found with an HPGe detector was around 

90 X-rays/Gy. The present work follows the ones of 

Schwob et al [24]. We modified the experimental 

set-up to increase the number of detected photons 

emitted from a Polymethyl Methacrylate (PMMA) 

target used as a biological medium surrogate thanks 

to its effective atomic number close to water. 

Additional particle beams like protons with 

different energies were experimentally investigated 

and compared with simulations derived from 

theoretical works [25–29]. The dependence of the 

bremsstrahlung signal with the medium thickness 

and the beam energy was studied. The latter 

properties are of importance to monitor the 

deposited dose and the beam energy into 

radiobiology experiments [24]. The beam energy 

dependence of the bremsstrahlung spectrum shape 

was also studied.  

 

MATERIALS AND METHODS 

Simulation of the Bremsstrahlung spectrum 

A homemade program using python (v.3.7), 

simulates the bremsstrahlung spectrum. The next 

sub-sections describe step by step how the model 

was built.   

The simulation of the bremsstrahlung 

spectrum is based on equation (1) as follows: 

𝑁𝑋
𝐵𝑟 = 𝑁𝑝 ∙ ∬ 𝜀(ℎ𝜈) ∙

𝑑2𝜎𝐵𝑟

𝑑𝛺𝑑ℎ𝜈
(𝐸𝑝, ℎ𝜈, 𝜃) ∙

𝐸𝑝
𝑡     

𝐸𝑝
𝑖  ℎ𝜈

𝒜(𝑑, ℎ𝜈, 𝜃) 𝑑ℎ𝜈 𝑑𝐸𝑝 ,    (1) 

where 𝑁𝑋
𝐵𝑟 is the number of bremsstrahlung 

X-rays for a given photon energy ℎ𝜈, Np is the 

number of incident ions, Ep
i and Ep

t are respectively 

the initial and the transmitted energies of the 

projectile through the PMMA target. 𝜀(ℎ𝜈) is the 

detection efficiency of the silicon drift detector 

(SDD), 𝜎𝐵𝑟(𝐸, ℎ𝜈, 𝜃) corresponds to the 

bremsstrahlung cross section and 𝒜(𝑑, ℎ𝜈, 𝜃) is the 

X-rays attenuation through the medium. 

Bremsstrahlung cross section 

 The total cross section of the 

bremsstrahlung 𝜎𝐵𝑟 is the sum of three different 

processes : QFEB (Quasi Free Electron 

Bremsstrahlung), SEB (Secondary Electron 

Bremsstrahlung) and AB+RI (Atomic 

Bremsstrahlung and Radiative Ionisation)  [25–29]. 

𝑑2𝜎𝐵𝑟

𝑑𝛺𝑑ℎ𝜈
(𝐸𝑝 , ℎ𝜈, 𝜃) =

𝑑2𝜎𝑄𝐹𝐸𝐵

𝑑𝛺𝑑ℎ𝜈
+

𝑑2𝜎𝑆𝐸𝐵

𝑑𝛺𝑑ℎ𝜈
+

𝑑2𝜎𝐴𝐵+𝑅𝐼

𝑑𝛺𝑑ℎ𝜈
 . (2) 

 The cross section of every bremsstrahlung 

component, i, can be expressed as the product of 

two factors called strength 𝐹1 and shape 𝐹2 factors. 

The strength factor depends on Ep, Zp (energy and 

atomic number of the projectile), and ZT (atomic 

number of the target) whereas the shape factor 

depends on the angle of X-ray emission 𝜃.  

𝑑2𝜎𝑖

𝑑𝛺𝑑ℎ𝜈
=  𝐹1(𝐸𝑝, ℎ𝜈, 𝑍𝑝, 𝑍𝑇) ∙ 𝐹2(𝜃).  (3) 

Theoretical cross-sections of 

bremsstrahlung are given by the work of Ishii et al 

[25,29].  

Energy losses of ions in the PMMA target 

 The stopping powers for helium ions and 

protons are extracted respectively from the ASTAR 

and PSTAR databases [29]. The PMMA target was 

numerically divided into 100 µm thick slices, for 

which the variation of the cross-section with the 

beam energy is considered negligible. 

Medium attenuation 

 The X-ray mass attenuation database [30] 

was used to calculate the X-ray attenuation in the 

PMMA target. The coefficient attenuation is 

calculated by equation (4). tPMMA and dPMMA are, 

respectively, the PMMA slice thickness and its 

depth inside the target. 

𝒜(𝑑, ℎ𝜈, 𝜃) =

 exp (
−𝜇𝑃𝑀𝑀𝐴∙𝑑𝑃𝑀𝑀𝐴

cos (𝜃)
) ∫ exp (

−𝜇𝑃𝑀𝑀𝐴∙𝑥

cos (𝜃)
)

𝑡𝑃𝑀𝑀𝐴

0
 𝑑𝑥. (4) 

Detection efficiency 

 The differential bremsstrahlung cross 

section 
𝑑2𝜎𝐵𝑟

𝑑𝛺𝑑ℎ𝜈
 decreases while the photon energy ℎ𝜈 

increases [25,29].To improve the statistics of the 

detected X-rays, the detection of low-energy 

photons has to be maximized. The SDD seems well 

adapted as its detection efficiency is optimal 

between 3 and 14 keV (as shown in Figure 1) [24]. 

The SDD detector efficiency is determined 

according to the model of Mohanty et al [31]. The 

model inputs are the X-ray mass attenuation 

coefficients [30] and the detector specificities. The 

latter are the active detector area, 30 mm2, the 

detector thickness, 450 µm, and the beryllium 

entrance window, 16 µm. The Nelson Blachman 

formula [31] gives the fractional solid angle in our 

simulation.  
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Fig. 1. The normalized detection efficiency of our 

silicon drift detector (SDD) without taking into 

account the air attenuation between the target and 

the detector. 

Experimental set-up 

The ARRONAX cyclotron (IBA C70) [13] 

delivered an alpha beam of 68 MeV and proton 

beams of 30, 40, and 50 MeV in air through an exit 

window made of a 50 µm thick Kapton foil. Some 

PMMA targets with thicknesses of 500 µm, 

1000 µm, 1500 µm, and 3000 µm were irradiated. 

As shown in Figure 2, an Al collimator 

(5 mm diameter) narrowed the beam on the target. 

The beam exit window-target distance was 23 cm. 

The target-detector distance was 5 cm, which 

allowed the detection of low energy photons (but 

> 3 keV) emitted by the medium. The angle 

between the detector axis and the incident beam is 

135°. The efficiency model presented above was 

checked with calibrated standard sources (241Am, 
109Cd and 55Fe). The deviation between the model 

and the experimental efficiencies is below 3%. 

For each particle and each energy, the 

background spectrum was measured before the 

irradiation and subtracted from the measured 

PMMA spectra to extract the bremsstrahlung signal.  

Beam intensity monitoring 

A Faraday cup, with a thin Kapton window 

(25µm thick) and located behind the target, can 

measure the beam charge with a relative error of 

less than 1% in the beam intensity range of about 

100pA (intensity used during the experiments 

presented in this work). Due to the beam/target 

interaction, a thick target increases the angular 

straggling of the beam [32,33]. Thus, the beam size 

will be larger than the Faraday cup window, and 

only a part of the beam charge is collected. In this 

case, the Faraday cup is no longer useful for 

measuring the beam fluence during irradiation of 

the target. Therefore, a beam monitor before the 

beam passing through the target is necessary. In our 

case, the characteristic X-rays of argon emission 

(2.9 keV), resulting from the interaction of the 

incident charged particles with the argon atoms 

present in the air in front of the target, can be 

detected with the silicon detector. To calibrate the 

argon X-rays signal, the entrance window of the 

Faraday cup was placed precisely at the same 

position as the PMMA target. An acquisition 

without the target is realized to measure both the 

beam fluence with the Faraday cup and the number 

of X-rays from the argon emission with the SDD 

 
Fig. 2. Scheme of the experimental set-up. 
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detector. The number of incident charged particles 

Np is related to the collected charge Q by :  

𝑁𝑝 =
𝑄

𝑍𝑝∙𝑒
 .     (5) 

The integration of the argon peak (2.9 keV) 

in the spectrum gives the number of X-rays from the 

argon. The ratio between the beam fluence and the 

number of X-rays from argon determines a 

calibration factor. The uncertainty, which includes 

statistical and experimental uncertainties, was about 

5 %. This calibration factor gives the number of 

incident particles from the number of X-rays from 

argon registered during the PMMA target 

irradiations. 

Dose determination 

The delivered dose 𝐷 to the surface layer of 

the medium is given by the equation (6). 

𝐷 [𝐺𝑦] = 𝜙[𝑐𝑚−2] ∙ 𝐿𝐸𝑇 [
𝑀𝑒𝑉.𝑐𝑚2

𝑔
] ∙ 1.6 ∗ 10−10 ,  (6) 

where 𝜙 is the fluence of charged particles, 

which is the ratio of the number of charged particles 

Np with the beam spot area. The LET is the linear 

energy transfer of the incident ions at the surface 

target determined thanks to the PSTAR/ASTAR 

tables [34]. The factor 1.6 ∙ 10−10 converts the 

equation into SI-units (MeV/g to J/kg). 

 

RESULTS 

Bremsstrahlung spectrum from the PMMA target 

 
Fig. 3. Raw spectra measured with 40 MeV 

protons for a 1000 µm thick PMMA target (black) 

and without target (background, grey). The 

measured beam fluences are given in table 1. 

Figure 3 presents the X-rays raw spectra 

obtained for the PMMA target (1000 µm thick) and 

the background (no target) for a 40 MeV proton 

beam. Both include the characteristic peak of argon 

(2.9 keV). An escape peak is present at the energy 

of 1.16 keV corresponding to the energy difference 

between 2.9 keV (K-X-ray of Ar) and 1.74 keV (K 

X-ray of Si). The difference in the continuous 

component of both spectra shows clearly the 

bremsstrahlung radiations coming from the PMMA 

target.  

Comparison of the simulated and the 

experimental spectra 

 Figure 4 presents the simulated and 

measured bremsstrahlung spectra for a 1000 µm 

 
Fig. 4. Measured and simulated bremsstrahlung spectra for 63.8 MeV alpha particles (left) and 40 MeV 

protons (right) interacting with a 1000µm PMMA thick target. The measured beam fluences are given in 

table 1. 
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thick PMMA target irradiated with 63.8 MeV alpha 

particles (left) and 40 MeV protons (right). The 

figure also includes different bremsstrahlung 

components (SEB, QFEB and AB).  

The simulated data fit the experimental 

spectra for the alpha and the proton beams quite 

well. The bremsstrahlung signal comes mainly from 

QFEB and SEB. The inflection point in the 

simulated spectra corresponds to the transition of 

the predominance from QFEB to SEB. As  

described in the bremsstrahlung cross section 

models [25], the maximum energy of the QFEB is 

proportional to the ratio between the beam energy 

and the projectile mass, explaining the difference of 

the energy transition in the alpha and proton spectra. 

These results indicate the validity of the 

bremsstrahlung cross section models for helium 

ions and protons in the range of the beam energies 

used in this work. 

The sensitivity of the bremsstrahlung signal 

 The integral of the number of X-rays, 

between 1 and 30 keV in each spectrum, is used to 

evaluate the bremsstrahlung yield (bremsstrahlung 

intensity for a given number of incident beam 

particles). Results are given in Table 1, dealing with 

the number of bremsstrahlung X-rays detected (per 

beam charge unit) for a PMMA target of 1000 µm 

thick. The uncertainties on the measured 

bremsstrahlung yield (around 6%) mainly come 

Particle 

Beam 

energy 

at the 

target 

entrance 

(MeV) 

Beam 

energy 

at the 

target 

exit 

(MeV) 

Target-

detector 

distance 

(cm) 

Beam fluence 

measured 

(nC bkg) 

(nC target) 

Dose 

conversion 

factor* 

(Gy/nC) 

Bremsstrahlung 

yield, measured 

(X-rays/nC) 

Bremsstrahlung 

yield, simulated 

(X-rays/nC) 

Relative 

difference 

(%) 

Alpha 63.8 47.9 5 
10.22 ± 0.102 

5.036 ± 0.252 
215 25 270 ± 1482 24 070 

4.98 

5.40 

Alpha 63.8 47.9 2.7 
3.497 ± 0.035 

3.562 ± 0.178 
215 221 695 ± 12 935 209 625 

5.76 

5.74 

Proton 30.1 27.7 5 
12.09 ± 0.121 

3.497 ± 0.175 
65 12 195 ± 719 12 743 

4.49 

4.23 

Proton 39.3 37.5 5 
5.128 ± 0.052 

7.786 ± 0.389 
52 14 204 ± 829 13 435 

5.72 

5.00 

Proton 49.6 48.1 5 
7.489 ± 0.075 

4.850 ± 0.242 
43 13 656 ± 800 13 150 

3.84 

3.60 

Table 1. Measured and simulated bremsstrahlung yields for alpha particles and protons for a PMMA target with a 

thickness of 1000 µm. *The equation (6) using the ASTAR/PSTAR database gives the dose conversion factor for 1 

nC and a beam spot area of 5mm2. 

 
Fig. 5. The bremsstrahlung yield versus the PMMA thickness with proton beams. Solid and dashed lines 

represent the simulations whereas markers correspond to experimental data. The right figure corresponds to 

a Zoom of the left figure at low thicknesses. The measured beam fluences were between (3.511 ± 0.203) nC 

and (6.780 ± 0.393) nC. 
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from the measure of the beam fluence. The 

statistical errors can be neglected. 

 The measured bremsstrahlung yield is in 

the magnitude of 2.104 X-rays/nC and 1.104 X-

rays/nC, respectively, for alpha and proton beams. 

The bremsstrahlung cross-sections of QFEB and 

SEB are higher for the alpha beam explaining the 

difference with the proton bremsstrahlung yield. 

The relative difference between 

measurements and simulations ranges from 3 % to 

6 %, in the same magnitude than the error bars, and 

shows a good behavior of the bremsstrahlung 

model. The differences come from the uncertainties 

of the experimental setup (detection efficiency and 

beam fluence), and the nuclear background induced 

by the PMMA target (not included in the simulation 

model). Ishii et al. [29] also observed this difference 

between the model and the experimental spectra for 

photons with an energy greater than 15 keV because 

of the Compton tail.  

An acquisition for the alpha particles, with 

a distance of 2.7 cm between the target and the 

detector, was performed. The bremsstrahlung yield 

increases by a factor of 10 due to the shorter 

distance that increases the solid angle and reduces 

the air attenuation of low-energy photons. Our 

improved experimental setup (using the SDD 

detector and reducing the target-detector distance to 

2.7 cm) increases the bremsstrahlung yield by 

promoting the low-energy X-ray detection. It also 

points out that the bremsstrahlung yield is high 

enough to monitor the delivered dose in 

radiobiology experiments (about 1000 X-rays/Gy). 

 

The bremsstrahlung yield saturation 

 Figure 5 shows the variations in the 

bremsstrahlung yield as a function of the PMMA 

target thickness for different proton beam energies. 

Solid and dotted lines represent simulation results, 

while markers correspond to experimental data. 

According to the simulations, the bremsstrahlung 

yield saturates for a fixed target thickness for a 

given beam. In thinner targets, the bremsstrahlung 

yield increases with the thickness that produces 

more bremsstrahlung radiations. The medium-

depth is not too large to attenuate all the created X-

rays, and the bremsstrahlung radiations can escape 

through the PMMA target and reach the detector.  

Figure 6 shows this phenomenon using 

measured data (left) and simulated spectra (right) in 

the case of the interaction of a 40 MeV proton beam 

on PMMA targets of different thicknesses (500 µm, 

1000 µm, 1500 µm, and 3000 µm). The number of 

detected X-rays grows with the target thickness, but 

not linearly. The difference between the spectra 

corresponding to 500 µm and 1000 µm is larger 

than the difference between 1000 µm and 1500 µm 

due to the saturation effect.  

The produced bremsstrahlung X-rays from 

a given PMMA slice, located in-depth, shifts to 

lower energies because of the beam slowing down. 

Therefore, two combined phenomena, the 

medium attenuation and the shifting of the 

bremsstrahlung spectrum, explain the decrease and 

the saturation of the bremsstrahlung yield. In the 

bremsstrahlung yield saturation case, the number of 

detected photons is proportional to the number of 

incident ions, and by extension, to the deposited 

 
Fig. 6. The measured (left) and simulated (right) bremsstrahlung spectra for 40 MeV protons on PMMA 

targets with different thicknesses (500, 1000, 1500, and 3000 µm). The measured beam fluences were 

between (3.511 ± 0.203) nC and (6.780 ± 0.393) nC. 
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dose according to equation (6). Then, the 

monitoring of the deposited dose is possible. 

 

Beam energy monitoring 

 

In bremsstrahlung saturation conditions, 

the number of detected X-rays depends on the ion 

beam energy (Figure 5). The higher the incident 

proton energy, the higher the PMMA thickness 

required to reach the bremsstrahlung saturation. 

When the saturation is reached, the simulation 

tendency (figure 5) shows that it is possible to 

dissociate two beams with a difference of 10 MeV 

by taking into account the error bars. However, 

reducing the experimental errors can improve beam 

energy monitoring.  Uncertainties are mainly from 

the beam fluence measurement (about 6%). The 

latter can be improved by using a second X-rays 

detector dedicated to the detection of argon 

emissions.  

Figure 7 presents the bremsstrahlung 

spectra measured with proton beams of 30, 40, and 

50 MeV for a 1000 µm thick PMMA target. These 

results show the spectrum hardening as a function 

of the beam energy. The higher the energy of the 

protons, the lower the number of low-energy 

photons (< 5 keV), conversely to the number of 

high-energy photons (> 10 keV) detected. The mean 

energy and the Full Width at Half Maximum 

(FWMH) extracted from the spectra quantify the 

spectrum hardening (see Table 2).  

The increases of both metrics show the 

spectrum hardening and differentiate the incident 

ions energy using the bremsstrahlung spectra 

analysis. Therefore, the beam energy can be 

monitored using the characteristics of the 

Beam 

energy 

estimated 

at the 

target 

surface 

(MeV) 

Theoretical 

beam 

energy at 

the target 

surface 

(MeV) 

Relative 

difference 

on the 

beam 

energy 

(%) 

X-ray 

mean 

energy 

Emean 

estimated 

(keV) 

X-ray 

mean 

energy 

Emean 

calculated 

(keV) 

Relative 

difference 

on Emean 

(%) 

FWHM 

estimated 

(keV) 

FWHM 

calculated 

(keV) 

Relative 

difference 

on 

FWMH 

(%) 

28.5±0.1 30.1 5.61 7.360 7.431 0.96 6.944 7.147 2.92 

40.5±0.1 39.3 3.05 7.715 7.694 0.26 7.907 7.846 0.77 

51.9±0.1 49.6 4.64 7.887 7.866 0.27 8.272 8.211 0.73 

Table 2. Estimation of the ion beam energy at the target surface from the X-ray mean energy Emean and the 

FWHM of the X-rays spectra plotted in Figure 7. The calculated data were determined with the simulated 

spectrum for the theoretical beam energy (PSTAR). The estimated data were determined with the least 

square minimization between the measured spectra and a database of simulated spectra, made with 

different beam energies (with a bin of 0.1 MeV). Relative differences are the difference between the 

experimental spectra and the simulated spectra with the best fit. 

 
Fig. 7. The measured (left) and simulated (right) bremsstrahlung spectra for protons of different energies 

(30MeV, 40MeV, and 50MeV) interacting on a 1000µm thick PMMA target. The measured beam fluences 

are given in table 1.  
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bremsstrahlung spectra. However, the weak 

variations of Emean and FWMH limit the dissociation 

between two beams with close energies. These 

observations result from the detector efficiency 

dependence, which does not promote the detection 

of high-energy photons. 

 

DISCUSSION & CONCLUSION 

This work investigates the use of the 

bremsstrahlung spectrum as a non-invasive tool to 

monitor ion beams in radiobiology experiments. 

The biological medium surrogate was PMMA. 

The whole results presented in this study 

depend on the experiment conditions: the detector 

position (viewing the target surface), the target-

detector distance, the PMMA thickness, and the 

detection efficiency. 

The SDD promotes the detection of the X-

rays with low-energies and can minimize the target-

detector distance (due to its compact design). These 

points improve the sensitivity of the measured 

bremsstrahlung signal, as predicted by Schwob et al 

[24]. The significant measured signal (>104 X-

rays/nC) allows the use of the bremsstrahlung X-

rays as a non-invasive tool for ion beam monitoring 

in case of radiobiology experiment. The method 

presented is not convenient for beam spot scanning 

due to the compact set-up required. In fact the 

target-detector distance has to be minimized to 

improve the statistics of the detected X-rays.  

The agreement between the simulations and 

the measurements validates the model for different 

beam particles (protons and He ions) and different 

energies (He2+ 68 MeV, H+ 30, 40, and 50 MeV). 

A bremsstrahlung yield saturation is due to 

the medium attenuation and the shifting of the 

bremsstrahlung photons production to lower 

energies in-depth in the target. Using the silicon 

drift detector, with a maximum efficiency for low 

energy photons < 10 keV, saturation conditions are 

obtained with a several mm target thickness.  

The maximum bremsstrahlung yield can 

monitor the beam intensity and the deposited dose 

(knowing the LET of the incident charged particles 

in the medium). The signal saturation can also 

monitor the beam energy. However, the variation of 

the spectrum as a function of the beam energy is too 

weak to dissociate close beam energies (< 10 MeV), 

with the current uncertainties (6 %). In addition, the 

bremsstrahlung spectrum characteristics, FWHM 

and Emean, are related to the beam energy. The 

bremsstrahlung spectra analysis presented in this 

work shows that the estimated beam energies are 

close to those expected with a difference of several 

MeV. The energy beam monitoring could be 

interesting within the radiobiological experiments 

with a Spread Out Bragg Peak (SOBP) to check the 

different pristine Bragg peaks [6]. For that, the 

precision of the energy monitoring has to be 

increased by improving the experimental set up. 
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