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A B S T R A C T   

In this study, we analyzed the performance of a PbF2 crystal-based detector at proton range monitoring with 
Monte Carlo simulations. The correlations between the depth–dose and Cherenkov profiles showed that the 
changes in the peak position in the Cherenkov profiles corresponded to the changes in the corresponding 
depth–dose profiles. Moreover, the deviations between the changes in the peak positions in the two curves were 
generally less than 2 mm. The results also showed that the actual proton range could be obtained using flight 
time information. When the proton energy was 160 MeV, the peak position detected in the Cherenkov profile 
detected was 14.83 cm with a flight time of 5.3–5.4 ns (starting from the time when protons were emitted), and 
the actual proton range in polymethyl-methacrylate was 15 cm. Therefore, the accuracy of the proton range 
measurements could be improved and the absolute range obtained by using the fast and time-sensitive charac-
teristics of the proposed Cherenkov radiator.   

1. Introduction 

The maximum proton dose will be deposited at the end of the range 
in a tissue, to form a sharp dose peak, i.e., the Bragg peak, and almost no 
dose deposition occurs after the Bragg peak (Daniel et al., 1998; Geng 
et al., 2016; Marafini et al., 2017). Due to the Bragg peak phenomenon, 
the dose in normal tissue distal to the tumor can be significantly reduced 
when proton therapy is used to treat tumors, thereby improving the 
therapeutic effect and reducing the risk of complications. 

However, uncertainties when determining the incident proton range 
can have major impacts on the actually dose distribution applied due to 
the Bragg peak phenomenon (Knopf and Lomax, 2013). Deviations in 
the proton range are mainly caused by uncertainties when converting 
computed tomography images into proton stopping power maps 
(Paganetti and Harald, 2012), anatomical changes in different fractions 
under treatment, and other factors that make it difficult to assess with 
the necessary precision in clinical routines. A deviation in the Bragg 
peak location in patient will cause irreversible radiation damage to 

normal tissues near the boundary of the tumor. Therefore, real-time 
proton range verification is critical for ensuring the therapeutic effect. 

Proton range verification has been widely studied through positron 
emission tomography (PET), and it has been applied in clinical studies at 
the GSI Helmholtzzentrum für Schwerionenforschung, Massachusetts 
General Hospital, and Heidelberg Ion Beam Therapy Center (Ario-Es-
trada et al., 2019; Moteabbed et al., 2011; Parodi, 2012; Zhu and Fakhri, 
2013). However, this delayed gamma measurement method detects the 
coincident gamma rays from positron annihilation after/during treat-
ment and it is severely affected by human washout. By contrast, prompt 
gamma (PG) detection is a promising alternative to real-time range 
verification, where it detects the characteristic gamma rays generated 
during proton travel (Krimmer et al., 2018; Min et al., 2006; Parodi and 
Polf, 2018). Most previous experiments in this field used detectors with 
collimators, such as planar or confocal multi-slit collimators, in order to 
reject photons that are not emitted from patients in the direction 
perpendicular to the beam axis. However, neutrons will interact with the 
collimator and produce a large amount of gamma radiation when they 
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travel through the collimator, and neutrons are scattered widely within 
the patient’s body, and thus these gamma rays can adversely affect the 
proton range monitoring results (Biegun et al., 2012). Some studies have 
shown that there are specific time deviations between the generation of 
photons by neutrons in the collimator and the PG generated by primary 
protons (Biegun et al., 2012; Roellinghoff et al., 2014). Detectors with a 
fast time response may be able to effectively reduce the unfavorable 
effects of neutrons and improve the accuracy of range verification based 
on these time deviations by using the time-of-flight (TOF) method. 
Studies have demonstrated that the TOF method can obtain good range 
verification results (Dauvergne et al., 2020; Jacquet et al., 2021; Liv-
ingstone et al., 2021). However, most of these studies used scintillators 
as the detector materials and there is a significant light decay time when 
the scintillator is excited by incident gamma rays. This light decay time 
will have adverse effects on the time spectrum results and affect the 
accuracy. Therefore, using detectors with a short decay time can allow 
more accurate proton range verification based on the TOF method 
(Pausch et al., 2016). 

The de-excitation process in lead fluoride (PbF2) crystals is totally 
different compared with that in conventional scintillator materials. 
When penetrating a PbF2 crystal, a photon deposits energy during its 
path of travel to generate secondary electrons. Polarization of the mol-
ecules occurs around the travel path when the speed of the electron in 
the PbF2 crystal is faster than the speed of light in this type of material. 
The de-polarization process in these polarized molecules will produce 
Cherenkov photons with a specific direction of motion (Achenbach 
et al., 2012). These Cherenkov photons are generated almost instanta-
neously, i.e., no light decay time exists. Therefore, detectors based on 
PbF2 crystals have an excellent time response capacity and they have 
been studied extensively in the field of TOF-PET (Alokhina et al., 2018; 
Korpar et al., 2011; Ota et al., 2018). The time resolution of detector 
based on PbF2 crystal is better compared with that of detectors based on 
traditional scintillators. Therefore, compared with traditional scintil-
lator detectors, using a detector based on PbF2 crystals can more effec-
tively exploit the time difference between different photons and it is 
expected to allow more accurate proton range monitoring. However, 
although the detectors based on PbF2 crystals will have excellent time 
characteristics, the light yield of PbF2 is lower than that of scintillators, 
which still limits the application of detectors based on PbF2 crystals in 
some radiation detection fields. Some recent studies have investigated 
the TOF method based on PbF2 crystals for proton range verification, but 
the performance of this method has not been comprehensively assessed 
(Jacquet et al., 2021). 

In the present study, we developed a type of detector based on PbF2 
crystals instead of traditional scintillators to detect the time spectrum of 
PG with multi-plate collimators. The relationships were determined 
between the depth–dose profiles in phantom and Cherenkov profiles 
detected by an optical detector of mono-energetic protons. Finally, the 
feasibility of using this PbF2 crystal-based detector for proton range 
detection was discussed in detail. 

2. Material and methods 

2.1. Software and physics lists 

The Monte Carlo simulation software TOPAS 3.1.2 was used to study 
multiparticle transport in this study (Perl et al., 2012). TOPAS 3.1.2 is a 
particle therapy research-oriented Monte Carlo platform based on 
Geant4.10.3.p01. The physical model used in this study was based on 
“G4OpticalPhysics”, “HadronPhysicsQGSP_BIC_HP”, “G4DecayPhysics”, 
“G4RadioactiveDecayPhysics”, “G4HadronElasticPhysics”, and 
“G4EMStandardPhysics_option3” (Allison et al., 2006; Asai, 2007). 

2.2. Geometric setup and proton beam parameters 

In this study, a polymethyl-methacrylate (PMMA; chemical 

composition of C5H8O2 and density ρ = 1.19 g∙cm -3) phantom with 
dimensions of 20 × 20 × 50 cm3 was irradiated by a mono-energetic 
pencil beam with energy ranging from 145 to 200 MeV. The number 
of incident protons was 1 × 109, which is more than that used in a single 
beam spot in clinics. Studies have shown that for the same detector 
structure, the results obtained by simulating 1 × 108 protons are basi-
cally the same as those with 1 × 109 protons, and the counting error 
caused by statistical fluctuations will increase to a certain extent (Jac-
quet et al., 2021). Therefore, the simulation results obtained in the 
present study are of practical value. Further uncertainties caused by 
differences in the particle number and noise will be investigated in 
future studies. Irradiation of the surface of PMMA by the proton beam 
was 40 cm. The time when proton irradiation commenced was defined 
as the starting point when the TOF for proton emission was equal to 
zero. Collimators made of tungsten were placed on the side perpendic-
ular to the incident direction, with a thickness of 2 mm, width of 40 cm, 
and length of 20 cm, and 101 collimators were placed over an interval of 
2 mm. The collimators were placed 15 cm away from the surface of the 
phantom (Lin et al., 2016). The rear end of the collimator was connected 
to a block of PbF2 crystal. The dimensions of the crystal were 36 × 2 ×
40 cm3 and it was coupled to an optical detector to detect the collimated 
PG. The dimensions of the optical detector were 36 × 0.2 × 40 cm3 and it 
was made of silicon. The detection modules for the PbF2 crystal and 
optical detector were wrapped with Teflon. The length of each sensitive 
area of optical detector along the Z axis was 2 mm and the center point of 
each sensitive area corresponded to the center point of the collimation 
hole. The optical detector was assumed to be a perfect detector, and thus 
only the Cherenkov light generated by the gamma rays from the corre-
sponding collimation hole and that reached the sensitive area could be 
recorded. Given the time resolution of 100 ps achieved by PbF2 
crystal-based TOF-PETs, the time resolution in this study was assumed to 
be 100 ps (Korpar et al., 2015; Ota et al., 2018). The specific geometric 
structure is shown in Fig. 1. 

2.3. Features and properties of PbF2 crystals 

The features and properties of PbF2 crystals are shown in Table 1. 
The density of PbF2 crystal is larger than that of Lutetium Oxy-
orthosilicate (LSO), Lutetium Yttrium Orthosilicate (LYSO) and Cerium 
Bromide (CeBr3), which are commonly used in proton range monitoring 
with the TOF method. This high density indicates the superior capacity 
of PbF2 crystals for absorbing photons. 

The generation of Cherenkov photons requires a specific threshold 
energy and the minimum energy is the energy when the secondary 
electron velocity is equal to the velocity of the light in the PbF2 crystal. 
The threshold energy for Cherenkov photons is related to the refractive 
index of the material, and the functional relationship is shown in 
Equation (1): 

Emin = mec2
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where Emin is the threshold energy needed to generate Cherenkov pho-
tons in the PbF2 crystal, mec2 is the remaining energy of electrons in 
PbF2, and n is the refractive index of PbF2. The wavelength of Cherenkov 
photons ranges from ultraviolet to visible light (Fienberg et al., 2015). 
Thus, the threshold energy changes with the wavelength, and the spe-
cific results are shown in Fig. 2. The electron energy required to generate 
Cherenkov photons in PbF2 crystals generally exceeds 0.1 MeV, which 
also indicates that the energy of the incident photons is greater than 0.1 
MeV. Therefore, low-energy photons arriving at a Cherenkov radiator 
detector do not produce a signal output, thereby possibly reducing the 
adverse effects of scattered photons to some extent and further 
improving the accuracy of range monitoring. In order to simulate the 
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generation and transportation of Cherenkov photon in the PbF2 crystal, 
we set the refractive index, absorption length, and reflectivity of the 
PbF2 crystal as corresponding to different photon wavelengths (Ander-
son et al., 1990; Malitson and Dodge, 1969). 

3. Results and discussion 

3.1. Correlations between depth–dose profiles in PMMA and Cherenkov 
profiles detected with mono-energetic protons 

In this study, we analyzed the correlations between the changes in 
the depth–dose profiles in the PMMA phantom and the Cherenkov 

profiles generated in the PbF2 crystal with different mono-energetic 
proton pencil beams. 

Fig. 3 shows the Cherenkov distribution profiles obtained with 
different proton energies. The Cherenkov photons were generated by all 
particles that reached into the PbF2 crystal after a proton point scan. For 
each energy, the peak position in the Cherenkov profile was significantly 
different from the peak position in the depth–dose curve. For the inci-
dent proton energies considered in this study, the deviations between 
the peak positions in the depth–dose curve and in the Cherenkov profiles 
in PbF2 were about 6 cm. Thus, some particles reached into the PbF2 
crystal and degraded the accuracy of proton range verification. There-
fore, the actual proton range could not be obtained based on the peak 
positions of the Cherenkov photons. However, the peak positions of 
Cherenkov photons changed as the energy of the incident proton 
changed. Therefore, we analyzed the correlations between the positional 
changes in the depth–dose curve and in the Cherenkov profiles. In 
particular, we focused on the changes in the peak position and the 80% 

Fig. 1. Geometric structure used in this study.  

Table 1 
Features and properties of different crystals.  

Properties LSO/LYSO CeBr3 PbF2 

Decay Time (ns) 40 18 None 
Density (g ∙cm-3) 7.2 5.2 7.77 
Radiation Length (cm) 1.16 1.96 0.93 
Emission Maximum (nm) 420 370 200–800  

Fig. 2. Threshold energy for Cherenkov photons produced at different 
wavelengths. 

Fig. 3. Dose and Cherenkov light distribution for different incident protons 
with energies of 145, 155, and 165 MeV. The solid line in the figure represents 
the normalized depth–dose distribution in PMMA. The points in the figure 
represent the normalized distribution of Cherenkov light generated in the PbF2 
crystal along the direction of incident protons. 
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distal falloff position in the Cherenkov profiles and depth–dose curve 
under different energies. 

The results are shown in Table 2. When the proton energy increased 
from 145 MeV to 155 MeV, the peak position in the depth–dose curve 
changed by 1.58 cm and the 80% distal falloff position changed by 1.58 
cm. Accordingly, the peak position in the Cherenkov profiles detected by 
the optical detector changed by 1.62 cm and the 80% distal falloff po-
sition changed by 1.66 cm. The deviations between the changes in the 
depth–dose curve and Cherenkov profile were all less than 2 mm, 
thereby meeting the accuracy requirements for proton range moni-
toring. Similarly, when the proton energy increased from 145 MeV to 
165 MeV, the peak position in the depth–dose curve changed by 3.2 cm 
and the 80% distal falloff position changed by 3.26 cm. Accordingly, the 
peak position in the Cherenkov profiles detected by the optical detector 
changed by 3.26 cm and the 80% distal falloff position changed by 3.49 
cm. The deviations between the changes in the depth–dose curve and 
Cherenkov profile were generally less than 2 mm, expect for the devi-
ation between the 80% distal falloff position in the depth–dose curve 
and Cherenkov profiles. These results indicate that the range changes 
caused by changes in the incident proton energy can be monitored using 
a detector based on PbF2 crystal. 

3.2. Correlations between the peak position in Cherenkov profile and 
actual proton range based on the TOF method with proton energies of 160 
and 200 MeV 

Thus, we evaluated the performance of PbF2 crystal-based detectors 
at proton range verification to monitor the range changes. Next, we 
focused on the absolute proton range obtained based on the peak posi-
tion in the Cherenkov profile with the TOF method. 

We employed the TOF method to perform real-time monitoring of 
the proton range, and thus the time information for photons in different 
components was crucial. We recorded the PG distribution and neutron 
distribution crossing the PMMA surface at different flight times for PG 
rays with characteristic energies of 4.44 MeV, 5.25 MeV, and 6.13 MeV. 
Therefore, we analyzed the time information for gamma rays with en-
ergies from 4 MeV to 7 MeV. Fig. 4 shows the time information for 
particles with different proton energies. The flux of the PG rays recorded 
on the PMMA surface was in the same order of magnitude as the neutron 
flux. Under the geometry configuration shown in Fig. 1, the time 
required for PG rays to pass through the PMMA was around 4 ns and that 
for neutrons was 5–6 ns. This deviation indicates that the PG and neu-
trons were generated almost simultaneously. TOF information was then 
recorded for the photons generated by primary protons and neutrons 
that arrived at the surface of the PbF2 crystal. The flux of the PG rays that 
reached the detector dropped significantly due to the collimating effect 
of the collimator. As expected, the neutrons interacted with the colli-
mator during their passage to produce a considerable amount of gamma 
rays. Compared with the PG rays, the flux characteristics of these gamma 
rays were in the same order of magnitude as the PG rays. The gamma 
rays generated by neutrons mainly reached the detector about 3 ns later 
than the PG rays. Considering that the Cherenkov photons were gener-
ated almost instantaneously, the Cherenkov photons detected within 
5–6 ns were used to analyze the relationship between the distribution of 
Cherenkov photons and the proton range. 

According to the analysis described above, the time required for the 
PG produced by primary protons to reach the detector was about 5–6 ns. 
Thus, the Cherenkov profiles were obtained in three periods, i.e., TOF 
<5 ns, TOF <6 ns, and 5 ns < TOF <6 ns. The two-dimensional distri-
butions of the Cherenkov photons detected by the perfect detector are 
shown in Fig. 5. At TOF <5 ns (i.e., by integrating the Cherenkov pho-
tons detected between 0 and 5 ns), the PG generated by the incident 
proton at the end of its range did not reach the Cherenkov radiator de-
tector to generate a Cherenkov signal. According to the distribution of 
the Cherenkov photons at TOF <6 ns (i.e., by integrating the Cherenkov 
photons detected between 0 and 6 ns), the Cherenkov peak existed at a 
depth of 14–15 cm in the direction of proton motion. This finding in-
dicates that the PG generated at the end of the proton range reached the 
Cherenkov radiator detector during the period from 5 to 6 ns. Subse-
quently, the distribution of the Cherenkov photons from 5 to 6 ns was 
analyzed at intervals of 0.1 ns (i.e., by integrating the Cherenkov pho-
tons detected within each 0.1 ns interval). The distribution results 
shown in Fig. 6 indicated that the distribution of the Cherenkov photons 
contained a distinct peak position, which gradually approached the 
position of the Bragg peak of the incident proton as the flight time 
increased. In the interval from 5.3 to 5.4 ns, the peak position in the 
Cherenkov profile was at about 14.83 cm, which is comparable to the 
proton range for 15 cm, with a deviation of 1.70 mm. No noticeable peak 
position was observed in the Cherenkov photon distribution in subse-
quent time intervals. Therefore, detection of the absolute position in the 
proton range in actual proton therapy can be achieved based on the fast 
time response of the PbF2 crystal-based detector with a measurement 
error less than 2 mm. The Cherenkov profiles in Figs. 3 and 6 show that 
the shifts in the Cherenkov light distribution and proton range were 
clearly different, possibly due to the delayed gamma rays generated by 
neutron interactions and other sources, such as activated radioisotopes. 

The flight times of protons in PMMA changed as the energy of the 
incident proton increased. As shown in Fig. 7, the TOF for PG rays that 
reached the PMMA surface changed as the energy of the incident protons 
changed. Thus, we analyzed the distribution of the Cherenkov photons 
generated during a flight time of 5–6 ns, as shown in Fig. 7(a), which 
indicates that the highest yield position of the Cherenkov photons 
exceeded 20 cm. The relationship between the distribution of Cherenkov 
photons that reached the surface of perfect detector in each period and 
the actual percentage depth–dose (PDD) curve of the protons was 
analyzed in the time interval from 0.1 ns, as shown in Fig. 7(b). As the 
flight time increased, the peak position of the Cherenkov photons 
gradually approached the true depth–dose curve peak position for the 
incident protons. In the period from 5.6 to 5.7 ns, the peak position in 
the Cherenkov profile was 22 cm and the proton range was 22.09 cm. 
Therefore, the PbF2 crystal-based detector can be used for range moni-
toring during proton therapy when the energy of the incident protons 
changes. 

3.3. Accuracy of TOF PG detection based on a Cherenkov radiator 
material when the proton range is changed by a medium with an uneven 
distribution 

As described above, we used a PbF2 crystal-based detector to perform 
TOF screening of picosecond-level PG to allow the real-time in vivo 
monitoring of the proton range with a homogeneous PMMA model. 
However, the actual proton range in the human body is often affected by 
the presence of air, bone, and other components of the complex human 
tissue structure. Therefore, we analyzed the performance of a Cherenkov 
radiator detector when the proton range is changed by a medium with 
an uneven distribution. 

A layer of air with a thickness of 2 cm was set in the travel path and 
the incident proton energy was 160 MeV. The distribution of the Cher-
enkov photons obtained by the perfect detector within 6 ns is shown in 
Fig. 8(a). The position and structure of the air layer in the Cherenkov 
profile at TOF <6 ns, and the position distribution of the Cherenkov 

Table 2 
Characteristic positions in depth–dose curves and Cherenkov profiles with 
incident protons of different energies.  

Energy 
(MeV) 

Peak position in 
percentage 
depth–dose curve 
(PDD) (cm) 

Peak position 
in Cherenkov 
profile (cm) 

80% 
distal 
falloff in 
PDD (cm) 

80% distal 
falloff in 
Cherenkov 
profile (cm) 

145 12.64 ≈6.76 12.78 ≈7.89 
155 14.22 ≈8.38 14.36 ≈9.55 
165 15.84 ≈10.02 16.01 ≈11.38  
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photons generated in the PbF2 crystal and detected by the perfect de-
tector were analyzed at a time interval of 0.1 ns. The results indicated 
that this detector can potentially be applied in medical imaging. In each 
period, a distinct peak appeared in the generated Cherenkov photons 
and the position of this peak gradually approached the peak of the true 
PDD curve for the incident protons as the flight time increased. The peak 
of the Cherenkov photons matched perfectly with the peak position for 
the PDD in the period from 5.5 ns < TOF <5.6 ns. Thus, the Cherenkov 
detector based on PbF2 crystal could accurately detect small changes in 
the proton range due to changes in the human tissue structure. 

The light yield of the PbF2 crystal is much lower than that of common 

scintillators but the maximum number of Cherenkov photons recorded 
in each detection region during a specific period was several hundred in 
these simulations. However, PG rays are only generated near the end of 
range due to the Bragg characteristic of the proton range. In addition, 
Cherenkov photons are generated in a specific region in the detector 
based on PbF2 crystal at different TOFs. Thus, a proton range with 
different energies can be measured by using the Cherenkov radiator 
detector. 

Fig. 4. Time information for PG rays, secondary neutrons, and gamma rays generated by neutrons with different proton energies. The blue and black curves indicate 
the time information for PG rays and neutrons that passed through the PMMA surface, respectively. The red and green curves indicate the time information for PG 
rays and gamma rays generated by neutrons that reached the surface of the PbF2 crystal, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 5. Distributions of Cherenkov photons in different periods: (a) (left) Cherenkov distribution at TOF <5 ns; (b) (right) Cherenkov distribution at TOF <6 ns; (c) 
(bottom) Cherenkov distribution at 5 ns < TOF <6 ns. 
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4. Conclusion 

The application of the TOF method can help to improve the accuracy 
of proton range measurements. However, the traditional scintillator 
materials exhibit a certain light decay time, which may cause errors 
during proton range verification with PG detection. In this study, we 
proposed the replacement of traditional scintillator materials with PbF2 
crystal, which is a pure Cherenkov radiator that does not exhibit the 
light decay time phenomenon, and analyzed the performance of this 
detector at proton range monitoring. The measurement results showed 
that changes in the actual proton range could be determined by 
measuring the change in the peak position in the Cherenkov profile. 
Moreover, the deviation between the changes in the peak position in the 
two curves was generally less than 2 mm, which meets the clinical re-
quirements. Absolute range monitoring based on the TOF method 
detected a noticeable peak in the Cherenkov profile generated in the 
PbF2 crystal in the direction of proton motion at each time interval 
within 5–6 ns in accordance with the geometric structure employed in 
this study. As the flight time increased, the peak position gradually 
approached the end of the actual range of the proton. Moreover, at a 
certain time, the peak position in the Cherenkov profile matched 
perfectly with the position of the Bragg peak of the primary proton in 
PMMA. In addition, no significant peak was detected in the Cherenkov 
distribution after a certain time. Therefore, detection based on PbF2 
crystals can significantly improve the accuracy of proton range 

Fig. 6. Distribution of Cherenkov photons when 5 ns < TOF <6 ns at time 
intervals of 0.1 ns. 

Fig. 7. Distribution of Cherenkov photons when the primary energy is 200 MeV: (a) (left) two-dimensional distribution of Cherenkov photons at 5 ns < TOF <6 ns; 
(b) (right) relationship between the peak position in the Cherenkov profile and the true PDD curve. 

Fig. 8. Distribution of Cherenkov photons with a layer of air in the proton path: (a) (left) two-dimensional distribution of Cherenkov photons at TOF <6 ns; (b) 
(right) relationship between the Cherenkov profile and true PDD curve. 
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monitoring and the absolute proton range can be obtained with the TOF 
method. However, this study focused mainly on theoretical analysis of 
the proposed method. The number of simulated particles was more than 
the number of protons emitted in an actual spot scan. Therefore, the 
results obtained in this study have value as references for some fields 
such as high-dose therapy or flash therapy. However, in order to apply 
this method in low-dose therapy or experimental conditions in the 
future, it will be necessary to explore factors that influence the mea-
surement accuracy, such as statistical errors caused by the number of 
protons, detector structure, and electronic noise. 
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