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a b s t r a c t

In this research, a multi-slit prompt-gamma camera was developed to locate the distal dose falloff of the
proton beam spots in spot scanning proton therapy. To see the performance of the developed camera,
therapeutic proton beams were delivered to a solid plate phantom and then the prompt gammas from
the phantom were measured using the camera. Our results show that the camera locates the 90% distal
dose falloff (¼ d90%), within about 2e3 mm of error for the spots which are composed 3.8 � 108 protons
or more. The measured location of d90% is not very sensitive to the irradiation depth of the proton beam
(i.e., the depth of proton beam from the phantom surface toward which the camera is located).
Considering the number of protons per spot for the most distal spots in typical treatment cases (i.e., 2 Gy
dose divided in 2 fields), the camera can locate d90% only for a fraction of the spots depending on the
treatment cases. However, the information of those spots is still valuable in that, in the multi-slit prompt-
gamma camera, the distal dose falloff of the spots is located solely based on prompt gamma measure-
ment, i.e., not referring to Monte Carlo simulation.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Real-time locating of the distal dose falloff of proton beam spots
in the patient is important in spot scanning proton therapy, not
only for the safety of the patient but also for the effectiveness of
treatment. Note that the main advantage of the proton beam over
the conventional X-ray or electron beam is the finite range of the
beamwith a high gradient of dose at the end of the beam. However,
this advantage is not fully utilized in current clinical practice for
tight confirmation due to the uncertainty of the distal dose falloff
location (¼ uncertainty of the beam range) in the patient, which is
caused by the dose calculation error in the treatment planning
system, patient positioning errors, inter- and intra-fractional
anatomical changes, and so on. Therefore, in clinical practice,
dose conformation through lateral dose shaping is mostly used, and
this tangential avoidance of critical structures and use of patch
fields increase the complexity of treatment and the number of the
by Elsevier Korea LLC. This is an
proton beams [1]. Real-time locating of the distal dose falloff of the
proton beam spots would solve the problem and improve the
effectiveness of treatment in the proton therapy.

The distal dose falloff in the patient cannot be located by
measuring the protons simply because most protons completely
stop in the patient. Therefore, two indirect methods have been
proposed. One is tomeasure the 511-keV annihilation photons from
the positron emitters produced by nuclear reactions along the
proton beam passage in the patient with a positron emission to-
mography (PET) scanner [2]. However, the positron emitters have
relatively long half-lives (i.e., 2e20 min) and, therefore, the PET
imaging is not suitable for real-time monitoring. Moreover, there is
a relatively poor correlation between the distributions of proton
dose and positron emitters [3]. The method also suffers from the
biological washout effect.

The other method is to measure the prompt gammas produced
by nuclear reactions along the proton beam passage. Min et al. [4],
for the first time, experimentally showed the correlation between
the distributions of prompt gammas and proton dose. Unlike the
positron emitters, the prompt gammas distribution has a very close
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correlationwith proton dose distribution at the end of the beam [3].
Currently, several research groups are developing different types of
prompt-gamma measurement systems, such as the knife-edge slit
camera [5e8], Compton camera [9e13], gamma electron vertex
imaging (GEVI) system [14,15], and prompt gamma timing (PGT)
system [16,17], to locate the distal dose falloff in real time during
treatment.

The knife-edge slit camera is currently the most mature system
with very high imaging efficiency, but the prompt-gamma distri-
butions measured by the camera always show low gradient at the
distal dose falloff. In addition, the measured prompt-gamma dis-
tribution significantly depends on the position of the beam spot;
that is, the knife-edge slit camera shows a different distribution of
prompt gammas even for an identical proton beam spot if the
longitudinal or lateral position of the spot is different in the patient.
For a proper measurement, therefore, the center of the knife-edge
slit should be located near the expected location of the distal
dose falloff, which is disadvantageous for large targets, requiring
relocation of the camera. The field-of-view (FOV) or the imaging
volume is also limited due to the structure of the knife-edge slit in
the camera. The FOV can be increased by increasing the distance
between the patient and the camera, which would result in
reduction of measurement counting efficiency. Finally, it is known
that the knife-edge slit camera cannot directly locate the distal dose
falloff of the proton beam spots solely based on the measured
distribution of prompt gammas; instead, the location of the distal
dose falloff is predicted by comparing the measured prompt-
gamma distribution from the knife-edge slit camera with the
reference distribution either from Monte Carlo simulation or from
another measurement [18].

We believe that a multi-slit prompt-gamma camera that con-
sists of a multiple-parallel-slit collimation system and an array of
detectors (Fig. 1) can overcome the limitations of the knife-edge slit
camera. Our experience from preliminary studies [19] shows that
the multi-slit prompt-gamma camera tends to provide high-
gradient prompt-gamma distributions that abruptly decrease at
the distal dose falloff. The measured distribution of prompt
gammas of a multi-slit prompt-gamma camera also tends to be less
sensitive to the longitudinal or lateral position of the proton beam
spot in the patient, which makes easier to combine the prompt-
gamma distributions of neighboring spots, as necessary, to
improve the counting statistics. In addition, the FOV of the multi-
slit prompt-gamma camera is not limited; that is, it can be
increased simply by increasing the number of detectors. Most
importantly, in contrast to the knife-edge slit camera, the multi-slit
prompt-gamma camera can directly locate the distal dose falloff of
the proton beam spots solely based on prompt gamma measure-
ment, i.e., not referring to Monte Carlo simulation.

In the present study, we developed a new multi-slit prompt-
gamma camera that is composed of two detector blocks and a
Fig. 1. Concept of multi-slit prompt-gamma camera.
dedicated dual-mode readout system for the detectors in the de-
tector blocks. Then, the performance of the camera was evaluated
by measuring the prompt gammas from a solid plate phantom to
which therapeutic proton beams with different energies were
delivered.

2. Material and methods

2.1. Component of the multi-slit prompt-gamma camera

2.1.1. Multi-slit collimators
The multi-slit collimators, which is made of tungsten, are used

to selectively detect the prompt gammas that are emitted
perpendicular to the proton beam passage. The optimal thickness of
the slit and the septal were determined to be 2 mm in the previous
study [19] of Monte Carlo simulation, resulting in slit pitch of 4 mm.
The height of the slit was set to 100 mm to match the size of the
CsI(Tl) scintillation detector. The length of the slit was set to
100 mm to keep a septal penetration of the unwanted radiations
below 10% [20]. To overcome the physical limitations of the 4 mm
slit pitch, the two detector blocks were constructed and placed in a
staggered arrangement, providing 2 mm slit pitch (Fig. 2). Note that
the angle between the two detector blocks can be changed to focus
the detector blocks at the treatment volume and maximize the
counting efficiency.

2.1.2. Photo-sensor
To configure a scintillation detector for prompt-gamma mea-

surement, we used photodiodes as photo-sensor. We did not use
silicon photomultipliers (SiPMs) mainly because these are known
to be very sensitive to neutron field [21,22], which might become a
practical problem for prolonged usage of the camera in clinics. In
addition, the SiPMs do not show a good linearity in energy cali-
bration when the photon energy is very high. For example, there is
a case where an exponential curve was used in energy calibration
because the linearity was disrupted in the measurement of prompt
gammas at energies higher than 3 MeV [7]. This is not a critical
problem, but makes the energy calibration more difficult and un-
certain because we are interested in the prompt gammas that have
the energy range of 4e10 MeV. The photodiode, on the other hand,
shows a very linear response in energy calibration even for high-
energy gammas and relatively strong radiation hardness when
compared to the SiPMs [23].

2.1.3. Scintillator
In the present study, we used the CsI(Tl) scintillator, which is

inexpensive and the peak wavelength of 550 nmmatches very well
Fig. 2. Multi-slit collimator (left) and two detector blocks, each of which is composed
of a multi-slit collimator and 36 CsI(Tl) scintillation detectors (right).
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with the Si PIN photodiode. It also has a relatively high light yield
(50,000e60,000 photons/MeV) compared to the other scintillators.
Most importantly, the CsI(TI) scintillator rarely responds to neu-
trons; that is, the neutrons rarely deposit energy greater than the
threshold level (¼ 3MeV) of the camera due to high atomic weights
of the component elements (Cs: 132.9, I: 126.9, and Tl: 204.4 amu),
which is a significant advantage over the other scintillators in
prompt gamma measurement.

In the present study, thin CsI(Tl) scintillators (Hangzhou Lambda
Photonics Technology Co., China) of 3 � 30 � 100 mm3 were
coupled to 3 � 30 mm2 Si PIN photodiodes (S3588-08, Hamamatsu
Photonics K.K., Japan), which show relatively fast response with a
rise time (from 10% to 90%) of ~20 ns. The entire surfaces of each
scintillator, except for the surface optically coupled to the photo-
diode, were treated with the Enhanced Specular Reflector (ESR;
3 M, MN), which has reflectivity higher than 98%. The scintillator
and the photodiode were coupled with the silicon optical grease
(BC-630, Saint-Gobain Crystals, France), showing 95% beam trans-
mittance. Finally, the scintillator and the photodiode was wrapped
with a Teflon tape to block the light from the environment.
2.1.4. Dual-mode readout system
In the present study, a dual-mode readout system was devel-

oped for total 72 scintillation detectors in the camera [24]. The
developed system operates in two modes: the energy calibration
mode and the fast data acquisition mode. In the energy calibration
mode, the energy spectra are obtained for an automated energy
calibration of the 72 detectors. In the fast data acquisitionmode, the
prompt gammas that deposit energy higher than 3 MeV in the
detectors are simply counted, and the distribution of the prompt
gammas over the detectors is displayed and analyzed in real time.
Note that for the most cases, the high-energy prompt gammas are
not fully absorbed in the detector. This is because pair production is
the dominant process and the two 511-keV annihilation photons
mostly escape the thin scintillation detector. To measure the
prompt gammas including the double-escape peak (¼ 3.42 MeV) of
the 4.44MeV prompt gammas based on interactions of 16O (p,x)12C,
Fig. 3. Schematic diagram of the
12C (p,p’)12C, and 12C (p,x)11B which are most abundant, the
threshold level for prompt gamma measurement was set to 3 MeV.
Fig. 3 shows the circuit schematic diagram of the dual-mode
readout system.

The steps for processing the signals from the 72 scintillation
detectors are as follows. First, the signal from each detector goes
through an AC coupling and then pre-amplified in a CR-110 chip
(Cremat Inc., MA), a charge sensitive preamplifier. Then, the output
signal of the preamplifier is split in two and shaped into a Gaussian-
like shape by a shaper [15] with different shaping times: 4 ms for
energy measurement and 500 ns for triggering. After shaping, the
signals are processed by an energy calibration system or a fast data
acquisition system depending on the measurement situation.

In the system for energy calibration, a total of six multiplexing
systems [25] are used to reduce the 72 channels of the detector
signals to 12 channels containing the identification number of the
detector interacted by the prompt gamma and the amount of the
energy deposited in the detector. In a multiplexing system, a
comparator generates a trigger signal (TTL/CMOS logic-compatible
signal) if the detector signal exceeds a threshold level. The trigger
signal is fed into the primary encoder and it produces the identi-
fication number of the detector where the signal was generated.
The multiplexer (ADG1606, Analog Devices Inc., MA) receives the
signal of the identification number of the detector and passes only
the energy signal generated from the detector. During the process, a
single-pole-single-through (SPST) switch and a monostable mul-
tivibrator block subsequent trigger signals. The signals passed by
the multiplexer are then simultaneously acquired by a digitizer
(PXI-5105, National Instrument, TX). Based on the acquired infor-
mation, the energy spectrum is produced for each detector and the
72 detectors are energy-calibrated in an automated process.

In the system for fast data acquisition, for each detector, the
amplitude of the detector signal is compared with the predefined
threshold level, corresponding to 3 MeV, in the comparator
(AD8564, Analog Devices Inc., MA) and a logic signal is generated if
the signal is greater than the predefined level. The microcontroller
(Arduino Due, Arduino, Italy) counts the logic signals from each
dual-mode readout system.



Fig. 4. Multi-slit prompt-gamma camera composed of CsI(Tl) scintillation detectors, preamplifiers, shapers, pulse height discriminators, multiplexing systems, and microcontrollers.
The digitizer used in the energy calibration system is not shown in the picture.

J.H. Park et al. / Nuclear Engineering and Technology 51 (2019) 1406e1416 1409
detector and sends the information to a PC via an Ethernet
communication (Arduino EthernetW5100 Shield, WIZnet, Republic
of Korea). Finally, the number of counts from the 72 detectors
produces a one-dimensional distribution of prompt gammas in the
beam direction.

The Arduino Due microcontroller (clock speed: 84 MHz), which
was used for fast counting, can process 27,000 signals per second in
each channel when the signals are given to the 12 input channels at
the same time. If only one channel is used for input, it can process
up to 136,000 signals per second. This shows that the microcon-
troller can process the signals from a proton beam current of
2e5 nA, which is usually used in proton therapy. Even if we
conservatively assume that the probability of having a signal of
prompt gamma greater than 3 MeV in a detector is 8 � 10�7 per
incident proton, the microcontroller can process all of the signals.

Fig. 4 shows the developed multi-slit prompt-gamma camera,
Fig. 5. Experimental setup for prompt gamma measu
which is composed of two detector modules and a dual-mode
readout system for the detectors. The aluminum case was used to
shield the scintillation detectors and preamplifiers from the light
and electromagnetic disturbances from outside.
2.2. Evaluation of the performance of the multi-slit prompt-gamma
camera

2.2.1. Energy calibration for gamma-ray sources
The energy calibration of the 72 scintillation detectors was

performed using the gamma-ray sources of 22Na (511 keV,
1275 keV, activity: 3.47 mCi) and 137Cs (662 keV, activity: 8.22 mCi).
The sources were located at 20 cm from the multi-slit prompt-
gamma camera, and for each source, the energy spectra were
measured by the 72 detectors of the camera for 2 h. For this mea-
surement, the multi-slit collimators were removed from the
rement using multi-slit prompt-gamma camera.



Fig. 6. Energy spectra of 22Na source measured by 72 detectors in multi-slit prompt-gamma camera.

Fig. 7. Energy spectra of 137Cs source measured by 72 detectors in multi-slit prompt-gamma camera.

Fig. 8. Energy calibration curve of 72 detectors in multi-slit prompt-gamma camera.
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camera. Based on the measured spectra obtained for the 72 de-
tectors, each of the detectors is energy-calibrated in an automated
process with an in-house computer program written in MATLAB,
which automatically identifies the full-energy peaks in the energy
spectra and also calculates the energy resolution for each peak.

Based on the result of the energy calibration, for each detector,
the threshold level corresponding to 3 MeV energy deposition was
determined and applied to the pulse height discriminator (¼
comparator) of the fast data acquisition system.

2.2.2. Performance evaluation for therapeutic proton beam
The performance of the multi-slit prompt-gamma camera was

evaluated using the therapeutic proton beams of the proton ther-
apy machine (Proteus 235, IBA, Belgium) at the National Cancer
Center in Korea. Fig. 5 shows the experimental setup tomeasure the
prompt-gamma distribution with the camera. The solid plate
phantom (SP34, composition: 98% polystyrene þ 2% TiO2, IBA,
Germany) of 30� 30� 30 cm3 was located on the treatment couch,
and the camera was positioned at 10 cm from the phantom surface.
The angle between the two detector blocks was set to 45�. The
proton pencil beam from a scanning nozzle was delivered at a
depth of 10 cm from the phantom surface where the camera was
located. The used beam energies were 95.09, 122.6, 146.45, and
186.3 MeV. To reduce the effect of the neutrons and background
gammas, a 5-cm-thick shield of lead bricks was installed between
the beam nozzle and the camera.

To evaluate the performance of the developed camera, the
prompt-gamma distributions in the solid plate phantom were
measured with the camera changing the number of delivered
protons and proton beam energies. Then, prompt-gamma distri-
butions were also measured changing the irradiation depth, which
is the depth of proton beam from the phantom surface toward
which the camera is located, to see if the measured location of the
distal dose falloff significantly changes as we change the depth of
irradiation.



Fig. 9. Prompt-gamma distributions (solid lines) measured with two detector modules
in multi-slit prompt-gamma camera for 95.09 MeV proton beam, with background
levels (broken lines).
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3. Results and discussions

3.1. Energy calibration for gamma-ray sources

Figs. 6 and 7 show the energy spectra of the 22Na (511 keV,
1275 keV) and 137Cs (662 keV) sources measured by the 72 de-
tectors in the developed camera. For all of the detectors, the full-
energy peaks of the sources were successfully identified. The
Fig. 10. Prompt-gamma distributions measured with the multi-slit prompt-gamm
average energy resolutions of the detectors were 25.8% ± 2.4%p,
22.1% ± 1.8%p, and 12.1% ± 0.9%p for 511, 662, and 1275 keV
gamma-ray peaks, respectively.

The full-energy peaks of the gamma-ray sources were linearly
regressed for energy calibration and the coefficient of determina-
tion (R2) of the regression was 0.99 on the average (Fig. 8). The
voltage value for the threshold level (¼ 3MeV)was calculated using
the linear regression equation for each detector. Note that, in a
previous study [26], it was experimentally shown that this
approach determines the 3 MeV of the threshold level within 3% of
error. The voltage values were applied to the 72 comparators of the
fast data acquisition system via variable registers.
3.2. Performance evaluation for therapeutic proton beam

Fig. 9 shows, as an example, the prompt-gamma distributions
measured by the upper detector module (black solid line) and the
lower detector module (red solid line) of the developed camera for
the 95.09 MeV proton beam. The number of protons to obtain the
distribution was 7.5 � 109 protons. Note that the upper and lower
detector modules, which have 4 mm detection pitch, are placed in a
staggered arrangement to provide 2 mm detection pitch.

To combine the prompt-gamma distributions of the two de-
tector modules, the following procedure was used. First, the back-
ground level (broken line), which is the average value of prompt
gamma counts of the detectors located beyond the distal dose
falloff, is subtracted from each of the prompt-gamma distributions;
then, the resulting distribution is normalized to the area of the
distribution. Finally, the two normalized distributions were
a camera for different numbers of protons for the 95.09 MeV proton beam.



Fig. 11. Prompt-gamma distributions measured with the multi-slit prompt-gamma camera for different numbers of protons for the 122.6 MeV proton beam.

Fig. 12. Prompt-gamma distributions measured with the multi-slit prompt-gamma camera for different numbers of protons for the 146.45 MeV proton beam.
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superimposed on a single plot with 2 mm shift for one detector to
reflect the staggered arrangement of the detector blocks.

Figs. 10e13 show the prompt-gamma distributions measured
with the multi-slit prompt-gamma camera for 95.09, 122.6, 146.45,
and 186.3 MeV proton beams, respectively. The red vertical dotted
lines in the plots show the locations of the 90% distal dose falloff (¼
d90%) measured by Gafchromic EBT3 film (ISP, NJ), which are 69.3,
108.2, 147.3, and 223.7 mm for 95.09, 122.6, 146.45, and 186.3 MeV
proton beams, respectively. Note that, in the present study, the
d90% is defined as the location of distal 90% dose in a depth-dose
curve, and that the distance from the surface to the d90% corre-
sponds to the range of the proton beam in a givenmedium. For each
proton beam energy, the number of delivered protons were varied
Fig. 13. Prompt-gamma distributions measured with the multi-slit prompt-gamm

Table 1
Distal dose falloff location and uncertainty for the different number of delivered protons

Beam energy (MeV) Number of delivered protons

95.09 7.5 � 107

3.8 � 108

7.5 � 108

7.5 � 109

122.6 7.5 � 107

3.8 � 108

7.5 � 108

7.5 � 109

146.45 7.5 � 107

3.8 � 108

7.5 � 108

7.5 � 109

186.3 7.5 � 107

3.8 � 108

7.5 � 108

7.5 � 109
from 7.5 � 109 down to 7.5 � 107. For each case, the measurement
was repeated 5 times to determine the statistical uncertainty of the
measurement. The error bars in the plots indicate the statistical
uncertainty (¼ one standard deviation) of the measured counts. It
can be seen that the fluctuation in the distribution increases with
the decrease of the number of delivered protons, as expected,
meaning that the uncertainty in the measured d90% location in-
creases with the decrease of the number of delivered protons. It can
also be seen that, for all proton beam energies, the camera provides
a very high gradient of prompt-gamma distribution at the d90%.
The counting efficiency of the camera, which is the total number of
counts from the 72 detectors in the camera divided by the number
of the delivered proton, was 1.4 � 10�5, 2.2 � 10�5, 2.6 � 10�5, and
a camera for different numbers of protons for the 186.3 MeV proton beam.

.

Measured 90% distal dose falloff Error (mm)

e e

67.2 (1.2) �2.1
67.0 (0.9) �2.3
67.5 (0.2) �1.8
e e

105.8 (1.0) �2.4
106.3 (0.7) �1.9
106.6 (0.1) �1.6
e e

145.8 (0.4) �1.5
145.9 (0.5) �1.4
145.8 (0.2) �1.5
e e

222.0 (0.4) �1.7
222.4 (0.4) �1.3
222.1 (0.2) �1.6
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3.3 � 10�5 counts/proton for 95.09, 122.6, 146.45, and 186.3 MeV
proton beams, respectively.

On the measured prompt-gamma distribution, the d90% was
located with sigmoidal curve fitting [19]. According to our inves-
tigation, when the number of delivered protons is equal to or
greater than 3.8� 108, the d90%was always correctly located by the
camera. When the number of delivered protons was 7.5 � 107,
however, the d90% was correctly located only for about 40% prob-
ability, which is due to large statistical fluctuations in the measured
Fig. 14. Prompt-gamma distribution measured with the multi-slit prompt-gamma camera
prompt-gamma distributions.
Table 1 shows the location of the d90% measured by the multi-

slit prompt-gamma camera and the error from the actual location
of the d90% which was measured with EBT3 film, for different
proton energies and different numbers of delivered protons. The
results show that the uncertainty is generally less than 1 mm, and
that the error from the actual locations of the d90% measured by
EBT3 film is less than 2e3 mm. Note that, in the present study, we
simply take the inflection point of the sigmoidal curve as the
for different irradiation depths (5, 10, and 15 cm). The proton energy is 122.6 MeV.
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location of the d90%, and we believe the measurement accuracy of
the d90% can be improved in the future by carefully selecting a
point in the sigmoidal curve as the distal falloff location.

Fig. 14 shows the prompt-gamma distributions measured by the
multi-slit prompt-gamma camera for different irradiation depths
(5, 10, and 15 cm). The number of protons to obtain the distribution
was 7.5 � 109 and 3.8 � 108 protons. The red vertical dotted lines
show the location of the range (¼ 108.2 mm) of the 122.6 MeV
proton beam in the phantom, which was measured by EBT3 film.
For 7.5 � 109 protons, the estimated d90% locations were
106.1(1s ¼ 0.1), 106.3(0.1), and 106.9 (0.2) mm for irradiation
depths of 5, 10, and 15 cm, respectively. For 3.8 � 108 protons, the
estimated d90% locations were 106.4(1.1), 105.8(1.0), and 107.2 (1.2)
mm for irradiation depths of 5, 10, and 15 cm, respectively. The
counting efficiency of the camera decreased from 3.0 � 10�5 to
1.6 � 10�5 counts/proton as the irradiation depth increases from 5
to 15 cm. Nevertheless, the results show that the measured location
of the d90% barely changes as we change the irradiation depth of
the proton beam in the phantom.

Considering that the number of protons per spot ranges
approximately from 107 to 109 for the most distal spots for a typical
2 Gy treatment with 2 fields, the camera can locate the d90% only
for a fraction of the spots depending on the cases. However, the
information of those spots is still valuable in that, in the multi-slit
prompt-gamma camera, the d90% of the spots is located solely
based on prompt gamma measurement, i.e., not referring to Monte
Carlo simulation.

Note that the number of protons per spot will be increased by
factor of a few times as we use hypo-fractionation, instead of the
conventional 2 Gy treatment, in which case we can locate the d90%
for more spots using the camera. In addition, the statistics of
measurement could be further improved by merging the prompt-
gamma distributions of neighboring spots. The summed prompt-
gamma distribution of the entire spots in each layer of the proton
beam spots would also provide very sensitive indication of the
inter-fractional changes of patient anatomy and positioning.

4. Conclusion

In the present study, we developed a multi-slit prompt-gamma
camera to locate the distal dose falloff of the proton beam spots. The
developed camera is made of two detector blocks, each of which is
composed of a multi-slit collimator and 36 CsI(Tl) scintillation de-
tectors, and a dedicated dual-mode readout system for the de-
tectors in the detector blocks. To evaluate the performance of the
camera, therapeutic proton beams were delivered to a solid plate
phantom and then the prompt gammas from the phantom were
measured using the camera. Our results show that the camera lo-
cates the distal dose falloff (¼ d90%), which is defined as the depth
of distal 90% dose in a depth-dose curve, within about 2e3 mm of
error for the spots which are composed of 3.8 � 108 protons or
more. It was also found that the location of d90% is not very sen-
sitive to the irradiation depth of the proton beam in the phantom.
Considering the number of protons per spot, the camera can locate
d90% only for a fraction of the spots, depending on the cases, in
typical treatment cases (2 Gy dose divided in 2 fields), which is still
valuable in that, in the multi-slit prompt-gamma camera, the d90%
of the spots is located solely based on prompt gamma measure-
ment, i.e., not referring to Monte Carlo simulation. Note that the
detection efficiency of the camera could be increased by a few
times, as necessary in the future, by further optimizing the camera,
e.g., (1) by using more detector modules, (2) by increasing the size
of the scintillator, which would require custom-made photodiodes
to match the dimensions, and (3) by decreasing the length of the
slit of the multi-slit collimator.
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