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Abstract

Proton range verification (PRV) in proton therapy by means of prompt-gamma detection is a
promising but challenging approach. High count rates, energies ranging between 1 MeV and
7 MeV, and a strong background complicate the detection of such particles. In this work, the
Cherenkov light generated by prompt-gammas in the pure Cherenkov emitters TIBr, TICI and
PbF, was studied. Cherenkov light in these crystals can provide a very fast timing signal with
the potential to achieve very high count rates and to discern between prompt-gammas and
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background signals. Crystals of 1x1 cm? and thicknesses of 1 cm, 2 cm, 3 cm and 4 cm were
simulated. Different photodetector configurations were studied for 2.3 MeV, 4.4 MeV, and 6.1
MeV prompt-gammas. TICI achieved the greatest number of detected Cherenkov photons for

all energies, detector dimensions, and photodetector efficiency modeling. For the highest prompt-
gamma energy simulated, TICI yielded approximately 250 Cherenkov detected photons, using a
hypothetical high-performance photodetector. Results show the crystal blocks of 1 cm x 1 cm x 1
cm have greater prompt-gamma detection efficiency per volume and a comparable average number
of detected Cherenkov photons per event.
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. Introduction

Prompt gamma imaging (PGI) is one of the proposed methods for proton range verification
(PRV) in proton radiotherapy (PR) [1], [2]. PGI aims to monitor the position of the Bragg
Peak in PR using the information provided by prompt-gammas emitted during nuclear
de-excitations of target nuclei, predominantly carbon and oxygen [3]. The emission profile
of prompt-gammas is strongly correlated with the dose distribution of protons in the target,
showing a significantly greater emission in the Bragg peak region, with a few millimeters
offset [4].

While prompt-gammas in this application have energies between 1 MeV and 7 MeV [1],
[5], the lines at 4.4 MeV and 6.1 MeV attract most interest because they have relatively
high cross-section compared to the rest and seem to provide a relative enhancement of the
discrimination of the distal dose falloff, compared to lower energy lines [6]-[8]. Besides,
prompt-gammas are emitted within few picoseconds after nuclear interactions, unlike the
decay of other byproducts of the proton beam, such as positron emitters, which otherwise
suffer from biological washout and range effects [9]-[11]. Nonetheless, very high count
rates, the presence of intense background, and much greater energies compared to other
medical imaging modalities in nuclear medicine and radiology, pose unique challenges to
the clinical use of PGI [12].

This work focuses in the study of Cherenkov light generated by prompt-gammas in
thallium bromide (TIBr), thallium chloride (TICI) and lead fluoride (PbF,), which are
pure Cherenkov emitters with high detection efficiency. Table | summarises their physical
properties.

The rate of prompt-gammas in PR for typical beam currents, between a few hundreds of
PA to tens of nA, is approximately 108 prompt-gammas per second or greater [16], [17].
For relatively big detectors consisting of scintillation crystals, such rates will lead to pile-up
effects unless a collimation method is used.

Oppositely to scintillation light, Cherenkov light is emitted entirely within few picoseconds
after the interaction of the prompt-gamma in the material, which can enable much greater
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count rates than scintillation-based detectors. Moreover, the average value of detected
Cherenkov photons for 511 keV gamma interactions is between 1 and 3 using TIBr, TICI
[13] and PbF, [18] crystals, and therefore it is practically insensitive to this source of
background when a moderate hardware threshold is set.

The accurate time-stamp provided by Cherenkov light allows the use of time-of-flight
based gating to reduce the background due to neutron-induced prompt-gammas [19].

PGI using prompt gamma timing (PGT) has been studied with PbF, detectors coupled

to silicon photomultipliers (SiPMs) [20]. Cherenkov light in TIBr and TICI were also
studied for time-of-flight positron emission tomography (TOF-PET) [13], [21]. Additionally,
TIBr Cherenkov Charge Induction gamma detector for 511 keV and 1.275 MeV gamma
energies was reported. [22], [23]. Despite the efforts to model and understand the emission
of Cherenkov light of these and other heavy materials for 511 keV, such as bismuth
germanate (BGO) [24], [25], no comprehensive study of the yield of Cherenkov light,
physics interaction process, and effect of detector configuration for prompt-gammas has
been reported, to our knowledge.

In this work, the Cherenkov light yield was simulated in TIBr, TICI and PbF, crystals
for different detector configurations, prompt-gamma energy lines, and using different
photodetectors.

[I. Materials and Methods

A. Radiation-matter interaction

The toolkit GATE v9.0 (Geant4 10.06.03 and ROOT 6.20) was used to simulate the
radiation-matter interactions among prompt-gammas, crystal block and photodetector.

Crystal blocks of 1x1 cm? cross-sections with varying thickness between 1 cm and 4 cm
(figure 1) were simulated. The photodetector (PD) was modeled as a 0.1 mm thick layer of
silicon dioxide attached with optical grease to the back face of the crystal.

A monochromatic gamma source with discrete gamma-lines with 2.3, 4.4 and 6.1 MeV was
used to model the prompt-gamma lines from the Bragg Peak. The source was set at 35 mm
from the closer face of the crystal, modeled as point-like with isotropic emission. A total of
500 000 gammas were simulated for each scenario. The system was placed in air.

Compton, photoelectric and pair production effects were enabled using the Livermore
model. Positron annihilation, multiple scattering and electron ionisation, which was modeled
with the Standard model, were also enabled.

B. Optical transport and detection

The optical transport was modeled with the LUT Davis model [26] and the interface crystal-
PD was defined as a polished surface coupled to the PD with optical grease (index of
refraction 1.5), assuming 100% transparency for Cherenkov photons with a wavelength
longer than 300 nm, 360 nm, and 440 nm for PbF,, TICI and TIBr, respectively, and no
transmission below that value (figure 2).
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Three photodetection efficiency (PDE) scenarios were modeled:

1 HPK S14160-3050HS, as used in [13], is a SiPM produced by Hamamatsu
Photonics with approximately 75% PDE at 420 nm for an overvoltage of 5 V.

2. FBK NUV-HD, is a SiPM produced by FBK, with approximately 60% at 420 nm
for an overvoltage of 3 V.

3. Hypothetical PD with 100% PDE for wavelengths longer than 300 nm and 0%
PDE below that value, referred to as ‘High-PDE PD’. This PD modeled the ideal
detection efficiency scenario.

The energy deposited (EDEP) was defined for each event as the sum of the energy from all
particles emitted by the interactions of the incident gammas within the event.

[1l. Results

A. Detection efficiency

Figure 3 shows the number of prompt-gammas absorbed across materials and thicknesses,
for each prompt-gamma energy simulated.

Figure 4 shows the detected Cherenkov yield for 1 cm thick crystals, for each material and
prompt-gamma energy simulated, using High-PDE, HPK S14160-3050HS PDE and FBK
NUV-HD PDE. The NUV-HD was the least efficient PD, achieving the lowest value of
detected Cherenkov photons for all materials and energies considered. Among materials,
TICI achieved the greatest value of detected Cherenkov photons for the three PDE scenarios.

B. Interaction processes and Cherenkov detection

Figure 5 shows the event EDEP vs detected Cherenkov photons histogram for 1 cm

thick TICI using 4.4 MeV prompt-gammas. The dataset was sorted according to the
interaction process of the parent gamma (gamma originating the event). The EDEP is mostly
contributed by the energy of the photoelectrons. The interaction processes and Cherenkov
light yield were shown to be strongly associated with energy.

Figure 6 shows the distributions of detected Cherenkov photons per event in a 1 cm thick
TICI crystal for each prompt-gamma energy simulated. The percentages correspond to the
relative contribution of each interaction process to the dataset.

For 4.4 and 6.1 MeV, the distributions consisted of a combination of a plateau for lower
detection values, and a Gaussian shape, predominantly due to pair creation events, at
greater values. The 2.3 MeV distribution showed a rather irregular shape, given greater
contributions from Compton and Photoelectric events. Photoelectric events occurred the
least often but had the highest detected Cherenkov yield.

As the incident gamma ray energy increases, pair production became the predominant
interaction process, as expected. Compton events dominated at 2.3 MeV, at approximately
80%, while pair production events dominated at 6.1 MeV, at approximately 55%.

IEEE Trans Radliat Plasma Med Sci. Author manuscript; available in PMC 2024 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rebolo et al. Page 5

C. Detected Cherenkov yield

Figure 7 shows the results for detected Cherenkov photons in 1 and 4 cm thick TIBr,

TICI and PbF; crystals, obtained for each prompt-gamma energy simulated using the HPK
S14160-3050HS PDE. For each material, the number of detected Cherenkov photons had
minimal variation between thicknesses, whereas the total number of events increased with
increasing crystal length. The number of events impacts the height of the distributions
and its increase derives from the capacity of thicker crystals to provide greater gamma
interaction and, consequently, more generation of secondary particles (such as optical
photons). Nonetheless, the mean of the distributions was almost entirely dependent on the
prompt-gamma energy, with greater gamma energies leading to greater values of detected
Cherenkov photons. A Gaussian fit was used for all energies despite the irregular shape of
2.3 MeV distributions.

TICI achieved the highest detection performance for all scenarios out of the three materials.
The number of detected Cherenkov photons ranged from 33 photons, at 2.3 MeV, to
approximately 150 Cherenkov photons, at 6.1 MeV.

Figure 8 shows the mean of the fit to the detected Cherenkov photons distributions as
a function of the prompt-gamma energy for 1 cm thick crystals using high-PDE PD. In
comparison with TIBr and PbF, results suggest TICI can resolve each distribution of
detected Cherenkov photons for each energy more effectively.

V. Discussion

Simulations allowed to focus the study on the gamma interactions with the crystal and on
the impact of the intrinsic characteristics of each material in the generation and detection
of Cherenkov light. Prompt-gamma energy was the main factor affecting the number of
detected Cherenkov photons per event. The dominant interaction processes were Compton
scattering and pair production at 2.3 and 6.1 MeV, respectively.

The number of detected Cherenkov photons varied with material choice, ranging from
approximately 84 Cherenkov photons with TIBr to 152 with TICI, at 6.1 MeV. While the
relative peak position and shape at different energies were comparable across materials, TICI
showed a greater difference among peak positions for each of the energies (figure 8). This
result suggests an energy threshold based on Cherenkov light could be applied to reject
events with lower energies that do not provide meaningful information for PGI.

The photodetector choice did affect significantly the average number of detected Cherenkov
photons per event (figure 4). Despite the lower cut-off wavelength of PbF,, the average
number of detected Cherenkov photons in TICI was greater, even with the high-PDE
photodetector. These results are likely due to the balance between index of refraction and
cutoff wavelength of TICI.

The number of detected Cherenkov photons per event did not seem to depend on the
crystal length. Only the total number of absorbed prompt-gammas was impacted by varying
thickness, given the greater active volume of longer crystals.
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PbF, was the material with more absorbed promt-gammas, although followed very closely
by both TIBr and TICI.

This study is a simplification of the real scenario, where these and other prompt-gamma
lines overlap together with other particle emissions. The 2.3 MeV line is representative of
the lower prompt-gamma lines involved with the process, which are poorer signatures of
the Bragg Peak position, as well as the 2.2 MeV gamma line created by the deuterium
disintegration.

The Cherenkov light yields predicted in this study are less intense than typical scintillation
light. For example, for the 4.4 MeV and 6.1 MeV prompt-gammas, the Cherenkov light
detected is, approximately between 5% and 10% of the scintillation light detected in a
typical BGO crystal in a 511 keV deposition. Nevertheless, the inherent rejection of 511
KeV gammas and fast decay time, give Cherenkov light an intrinsically high signal-to-noise
ratio and a potential for very high count rates.

Different PGI techniques will benefit from specific detector requirements, thus imposing
different criteria for material choice. PGT requires excellent timing resolution, whereas in
Compton cameras the energy resolution and detector segmentation are crucial. The materials
studied can be considered as good candidates for PGT given their potential for timing
performance. TIBr showed energy resolutions between 1-2% at 662 keV with pixelated
detectors [27], thus hinting the capacity to add accurate energy resolution to the timing
information provided by the Cherenkov light. The expected sensitivity of a system using
Cherenkov light with either of the studied materials is beyond the scope of the current work
because it is heavily dependent on the geometry of the envisioned device.

V. Conclusion

The generation and detection of Cherenkov light were studied in pure Cherenkov emitters,
using different detector configurations and photodetection efficiencies. This study showed
that, at the MeV energy range, Cherenkov light detection yield is strong enough to be
used as practical signal for PRV in several Cherenkov emitters and for different gamma
lines. Cherenkov light seems to be a very effective signal to discriminate prompt-gammas
originated in the BP from other background signals (contrast to noise) and improve the
confidence of PR treatments.

Simulations show a strong linear relation between the detected Cherenkov yield and the
energy deposited by the prompt-gamma. This information could be leveraged in the design
of future Cherenkov enabled PGI systems, which can benefit from specific interaction
processes and energy cuts.
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Fig. 1.
Ilustration of the simulation setup.
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Fig. 2.

300 400 500 600 700 800
Wavelength [nm]

Modeled PDE curves used in the PDE scenarios simulated: High-PDE PD (100% PDE >300
nm) (dark blue), HPK S14160-3050HS (orange) and FBK NUV-HD (yellow). The cuttoff
wavelength of each material was plotted in different line styles: dotted (TIBr), dashed (TICI)
and dashed-dotted (PbF,).
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Fig. 3.
Absorbed primary gammas for 1, 2, 3 and 4 cm thick TIBr, TICI and PbF, crystals using

2.3 MeV (left), 4.4 MeV (middle), and 6.1 MeV (right) prompt-gammas. The percentage of
absorbed events is defined as the fraction between the number of absorbed primary gammas
in the crystal over the total number of gammas crossing the crystal for each scenario.
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Fig. 4.
Detected Cherenkov yield for 1 cm thick TIBr, TICI and PbF, crystals, using 2.3 (right),

4.4 (middle) and 6.1 (right) MeV prompt-gammas, for different PDEs: High-PDE, HPK
S14160-3050HS PDE and FBK NUV-HD PDE.
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Fig. 5.

Energy deposited (EDEP) per event vs detected Cherenkov photons for 1x1x1 cm3 TICI
using 4.4 MeV prompt-gammas. The dataset was sorted according to the interaction process
of the parent gamma (gamma originating the event).
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Fig. 6.

Detected Cherenkov photons in 1x1x1 cm?3 TICI crystal using 2.3 MeV (blue), 4.4 MeV
(purple) and 6.1 MeV (green) prompt-gammas and HPK S14160-3050HS PDE. The dataset
was sorted according to the interaction process of the parent gamma (gamma originating the

event).
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Fig. 7.

Detected Cherenkov photons () in 1 cm and 4 cm thick TIBr (top), TICI (middle) and PbF2
(bottom) crystals, using HPK S14160-3050HS PDE, for all simulated energies. ¢ and o are
the gaussian fit parameters.
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Fig. 8.

Detected Cherenkov photons (4) as a function of prompt-gamma energy, using high-PDE
PD, for 1 cm thick TIBr (left), TICI (middle) and PbF, (right) crystals. The error bars
correspond to the standard deviation of the respective Gaussian fits. Linear fits represented
with dashed lines. Linear fit coefficients included as insets.
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TABLE |
Physical and Optical Properties Of TIBr, TICI and PbF,. Data From [13]-[15].

Properties | TIBr | TICI | PbF,

Density [g/cm?3] | 7.5 | 7.0 | 7.8

23MeV | 31 33 3.0
Attenuation length [cm] | 4.4 MeV 3.4 35 3.2
6.1MeV | 33 3.4 3.1

Refractive index at 550 nm | 2.48 | 2.32 | 1.78

Cutoff wavelength [nm] | 440 | 380 | 250
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