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Abstract
Background: The beam energy is one of the most significant parameters in
particle therapy since it is directly correlated to the particles’ penetration depth
inside the patient. Nowadays, the range accuracy is guaranteed by offline rou-
tine quality control checks mainly performed with water phantoms,2D detectors
with PMMA wedges, or multi-layer ionization chambers. The latter feature low
sensitivity, slow collection time, and response dependent on external parame-
ters, which represent limiting factors for the quality controls of beams delivered
with fast energy switching modalities, as foreseen in future treatments. In this
context, a device based on solid-state detectors technology, able to perform a
direct and absolute beam energy measurement, is proposed as a viable alter-
native for quality assurance measurements and beam commissioning, paving
the way for online range monitoring and treatment verification.
Purpose: This work follows the proof of concept of an energy monitoring sys-
tem for clinical proton beams, based on Ultra Fast Silicon Detectors (featuring
tenths of ps time resolution in 50 μm active thickness, and single particle detec-
tion capability) and time-of -flight techniques. An upgrade of such a system is
presented here, together with the description of a dedicated self -calibration
method, proving that this second prototype is able to assess the mean particles
energy of a monoenergetic beam without any constraint on the beam temporal
structure, neither any a priori knowledge of the beam energy for the calibration
of the system.
Methods: A new detector geometry, consisting of sensors segmented in strips,
has been designed and implemented in order to enhance the statistics of coin-
cident protons, thus improving the accuracy of the measured time differences.
The prototype was tested on the cyclotron proton beam of the Trento Protonther-
apy Center (TPC). In addition,a dedicated self -calibration method,exploiting the
measurement of monoenergetic beams crossing the two telescope sensors for
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2 ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY

different flight distances,was introduced to remove the systematic uncertainties
independently from any external reference.
Results: The novel calibration strategy was applied to the experimental data
collected at TPC (Trento) and CNAO (Pavia). Deviations between measured
and reference beam energies in the order of a few hundreds of keV with a
maximum uncertainty of 0.5 MeV were found, in compliance with the clinically
required water range accuracy of 1 mm.
Conclusions: The presented version of the telescope system, minimally per-
turbative of the beam, relies on a few seconds of acquisition time to achieve the
required clinical accuracy and therefore represents a feasible solution for beam
commission, quality assurance checks, and online beam energy monitoring.

KEYWORDS
energy measurement, proton therapy, silicon sensor

1 INTRODUCTION

The longitudinal penetration depth of beams used to
treat patients in particle therapy (PT) depends on their
energy, and it is therefore considered one of the critical
irradiation parameters.1

Nowadays, a great effort of the PT research com-
munity is focused on developing new accelerating and
delivery systems allowing for quick changes of the
beam energy, as this could improve the treatment time,
especially for gating and rescanning modalities,and fos-
ter the treatment of moving targets by providing fast
range adaptation for implementing 4D spot scanning
treatment.1,2

However, such developments imply, in parallel, the
introduction of a fast and precise beam energy control in
the beam monitoring system, which could be exploited
both for regular quality assurance (QA) procedures and
for providing full control of the primary beam during
irradiation.

At present, existing detectors3 do not measure the
beam energy during treatment and the proper accu-
racy of the extracted beam energy is guaranteed by
the safe checks of accelerator settings, by an advanced
beam diagnostics and interlock system which guarantee
the correct beam orbit through the beam transport ele-
ments and daily QA measurements of the penetration
depth.4–7

The proof of concept of a telescope of two Ultra
Fast Silicon Detectors (UFSD), able to directly measure
the proton beam energy and meeting the clinically
required accuracy, corresponding to a maximum error
of 1 mm particle range in water, has been recently
demonstrated.8–11 The proposed detector assesses the
mean energy of clinical proton beams by measuring the
protons’ Time of Flight (ToF), that is, the time needed
by single protons to travel a known distance between
two sensors. The ToF is a well-known technique that
found several applications in the last decades,11 from
nuclear physics12 to proton radiography,13–15 from
the measurement of the kinetic energy of cyclotron

and LINAC proton beams up to 30 MeV,16,17 to the
reconstruction of the proton energy spectrum of
high-energy laser-driven beams.18

The first system prototype proposed by the University
and the National Institute for Nuclear Physics (INFN) of
Turin, Italy, and its test on clinical beams are described
in detail in previous work,11 and will be rapidly summa-
rized in the following. The first telescope was made of
two 80 μm thick UFSD sensors. It was tested at Centro
Nazionale Adroterapia Oncologica (CNAO, Pavia, Italy)
at clinical proton energies (from 60 up to 230 MeV) with
fluxes at the lower limit of the ones typically used in clin-
ics (108 p s−1 cm−2).During the test using a ToF system
not optimized in efficiency, 6 s (corresponding to ∼2 ms
active acquisition time) of irradiation were necessary to
keep the ToF statistical error below 3 ps at 1 m distance
between the sensors. As shown in a previous article,11

3 ps correspond to the tolerance mentioned above of
1 mm range in water for 230 MeV protons. Following
the published promising results, several improvements
of the first system prototype have been undertaken:
a new sensor geometry has been designed and pro-
duced specifically to enlarge the sensitive area and,
consequently, enrich the statistics collection of coinci-
dent proton signals; a dedicated mechanical support
has been developed to vary the distance between the
sensors in a controlled way.

The second version of the telescope system,made of
two UFSD sensors segmented in strips, was tested at
the Trento Protontherapy Center (TPC),19 on a proton
beam structure different from the CNAO one consid-
ered for the tests of the first telescope prototype.11 More
specifically, at the TPC, protons are delivered in syn-
chronous with the cyclotron radiofrequency of 106 MHz
(9.4 ns period), and the beam current is modulated by
a 50% duty cycle square wave with a 100 ms period,19

resulting in the bunched structure of the beam, differ-
ent from the CNAO quasi-uniform one. Therefore, the
present work aims at showing that the excellent time
resolution and very short signals (∼2 ns) provided by
the UFSD technology allow for determining the beam
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ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY 3

F IGURE 1 (a) FBK sensor segmented in 11 strips (only one channel was connected to the signal output connector). (b) Telescope with the
two channels general purpose high voltage (HV) distribution boards used to readout the sensor. (c) CCTV image of the setup at the TPC control
room. (d) Schematic view of the mechanical support for positioning of sensor 2 (S2) at 10 different relative positions from sensor 1 (S1), which
is kept fixed at the isocenter of the irradiation facility.

energy without any constraint on the beam temporal
structure and with minimal perturbation of the particle
trajectory. Moreover, a self -calibration approach, inde-
pendent from any a priori knowledge of the beam energy,
is here described, able to experimentally determine the
systematic errors depending on the setup, such as
the distance between the sensors and the time delays
between channels originating from the routing of the
electronic chain. The self -calibration method has been
applied to the experimental data collected at TPC and
CNAO. A comparison with the first calibration approach
presented in a previous paper11 is also reported.

2 MATERIALS AND METHODS

2.1 Telescope system of two UFSD
strip sensors and readout electronics

A telescope prototype for the ToF measurement was
built using two UFSD sensors (named S1 and S2, here-
inafter), placed at a specific relative position between

each other and aligned along the beam direction
(Figure 1). Differently from the first published prototype,
where 2 Hamamatsu Photonics K.K. pad sensors were
used, dedicated sensors segmented in 11 strips (10
with gain and 1 without gain, Figure 1a), were man-
ufactured by Fondazione Bruno Kessler (FBK, Trento,
Italy) using both Epitaxial and Si-Si wafers with a total
thickness of 615/630 μm and an active thickness of
45/55 μm.20 Furthermore, to minimize the beam pertur-
bation, the passive silicon substrate was thinned down
to reduce the total thickness crossed by each particle
to 70 μm. UFSD are n-in-p silicon sensors based on the
low gain avalanche diode (LGAD) technology, featuring
a moderate internal gain due to a thin p+ additional layer
located below the n++ electrode of a heavily doped
junction.21,22 Their enhanced signal with fast rising edge
leads to time resolutions as small as 30 ps in 50 μm
active thickness.23 Therefore, UFSD sensors are ideally
suited for ToF purposes and guarantee,at the same time,
a reduced perturbation of the beam, as the properly
thinned down thickness reduces the multiple scattering
effects.
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4 ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY

UFSD sensors were mounted on general-purpose
high voltage (HV) distribution boards (Figure 1b), allow-
ing only one out of the 11 strips to be readout through
the signal output connector mounted on the board.
The HV was set independently on the two sensors
via the board connected to an external power supply
DT1470ET (CAEN S.pA., Viareggio, Italy); sensors sig-
nals were amplified by a low-noise current amplifier
(Broadband Amplifier 2 GHz, CIVIDEC, Wien, Austria)
and acquired by a 16 + 1 channels digitizer desktop
module DT5742 (CAEN S.pA., Viareggio, Italy). The dig-
itizer samples the signal at 5 GS s−1, with 1 ADC count
corresponding to 0.24 mV, and for each trigger stores
1024 samples corresponding to a waveform of 204.8 ns
duration. A PC, connected to the digitizer with an 80 MB
s−1 optical link, was used to control the acquisition,
collect the waveforms, and produce an asynchronous
software trigger when the previous event was stored.An
acquisition efficiency of 0.4‰ results from the conver-
sion time of the digitizer (110 μs) and the time needed
to transmit and store the data (∼500 μs). The mechan-
ical system of the ToF telescope (Figure 1c,d) consists
of a rigid horizontal support with 10 grooves, machined
with high precision (estimated uncertainty 100 μm) at
10 cm distance from each other, for positioning of S2
at nine different relative positions pi from S1, the latter
being kept at a fixed position in the isocenter of the irra-
diation facility. The allowed distances between sensors,
measured with an external ruler, are approximately in
the range of 7–97 cm. In order to align the two sensors
with the beam direction, two movable stages were used
to support and remotely displace S2 in two orthogonal
directions transversely to the beam.

2.2 Detector requirement

The relation between the kinetic energy K and the ToF
of protons passing through the telescope is given by:

ToF (K, d) =
(K + E0) ⋅ d

c ⋅
√

(K + E0)2
− E2

0

(1)

where E0 is the proton mass energy at rest, c is the
speed of light, and d is the traveled distance, that is, the
position of S2 relative to S1. Once the mean ToF value
is measured, the beam kinetic energy can be calculated
by inverting Equation (1), after correcting for the energy
loss in the first detector and in the air.11

The required ToF precision of a beam energy detector
for clinical applications is strictly related to the maximum
acceptable tolerance in the range uncertainty, which at
CNAO and TPC is defined as 1 mm in water. A range
uncertainty of 1 mm corresponds to a required resolu-
tion of the energy measurement ranging from ∼1 MeV

at 60 MeV to ∼0.4 MeV at 230 MeV, and the related
maximum uncertainty on the ToF, for a flight distance of
1 m between the sensors, ranges from 80 ps at 60 MeV
to 3 ps at 230 MeV, and these limits are more stringent
for reduced distances. The ToF approach relies on
identifying coincident signals, that is, signals generated
in the two sensors of the telescope by the same proton
crossing both of them.11

The precision of the average ToF measurement
depends on the proton beam flux, typically in the range
108−1010 p s−1 cm−2 for clinical application, on the
system deadtime and efficiency, and the duration of
the beam irradiation; all these quantities influence the
statistics of acquired coincident proton signals and the
accuracy of the identification of the coincident signals
over the combinatorial background.

The large dead time due to the abovementioned 0.4‰
acquisition efficiency currently represents the bottle-
neck for reducing the irradiation time needed to acquire
sufficient statistics.

In addition, a good compromise between sensor size
and travel distance must be chosen based on simu-
lation studies, and a careful alignment system must
be employed to maximize the number of coincidences
and keep the combinatorial error at acceptable levels.
The system efficiency, that is, the probability that a
proton crossing the first sensor hits the second one
at a specific distance along the beam trajectory, was
addressed with Geant4.11 The simulation results for dif-
ferent distances between sensors and different sensor
areas demonstrated that a minimum size of 3 × 3 mm2

is necessary for measurements at the largest distance
to achieve a minimum efficiency of 10%. Similarly, the
same simulations indicate that the beam interaction
with 100-μm thick sensors increases the FWHM of the
lateral proton profile by 3 mm in the worst case (60 MeV
beam energy).

2.3 ToF measurement and system
calibration

Inverting Equation (1), the beam energy can be obtained
from the ToF of protons, defined as:

ToF = Δtmean − offset (2)

where Δtmean is the average value of the difference of
proton crossing times measured in the two sensors and
offset is a constant time difference mainly due to the
routing of the electronic chain.

The identification of signals produced by coinci-
dent protons in the two sensors and the measurement
of the corresponding Δtmean is performed with the
iterative statistical method described in a preceding
publication.11
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ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY 5

F IGURE 2 Schematic of the self -calibration approach with subsequent steps in yellow. Step 1:Δtmean is measured for two different S2
locations (p2 and p3 in the example); step 2: the average kinetic energy Kavg,23 between the two S2 locations (p2 and p3) is obtained; step 3:
from Kavg,23, the beam kinetic energy K1 at S1 exit is found; step 4: from K1 the average kinetic energy and average velocity for any traveled
distance (p4 in the example) can be obtained; step 5: final minimization of the square deviation between calculated and measured S2 positions.

TABLE 1 Self - (left column) and relative (right column)
calibration parameters resulting from 16 Δtmean measurements (four
energies and four distances) for the CNAO beam test.

Self Relative
Parameter Value Error Parameter Value Error

offset (ps) 116.9 1.2 offset (ps) 115.1 2.9

x0 (cm) 6.605 0.015 d1 (cm) 6.613 0.033

d2 (cm) 36.495 0.042

d3 (cm) 66.663 0.046

d4 (cm) 96.727 0.050

The main source of systematic errors resides in the
uncertainty of the offset and the distance between the
sensors, requiring a calibration procedure to determine
their values.Two different calibration approaches will be
described in the following, together with a comparison of
the results obtained with both calibration methods on the
data acquired in the first test at CNAO and the second
at TPC.

2.3.1 Reference energy values

The set of beam energy values at the isocenter used
as a reference for our measurements were retrieved,
using the PSTAR dataset of the National Institute of
Standards and Technology, from the distal water equiv-
alent depths measured as range 80% (R80) at CNAO
and range 90% (R90) at TPC. At CNAO, the range mea-
surements were performed using a Peakfinder (PTW,
Freiburg, Germany) water column with a maximum
deviation from the expected range within ±0.15 mm,6

whereas, at the TPC experimental facility, the Giraffe
detector (IBA dosimetry, Louvain-la-Neuve, Belgium)
was used featuring a larger uncertainty of ±0.5 mm.19

They were provided by the facility and hereinafter will
be called reference energies.

2.3.2 The relative approach

This calibration approach was adopted for calculating
the beam energies from the data acquired at CNAO
with the first prototype of the telescope system and
relies on using the reference energies set.11 Using the
Δtmean,ij measured at different reference beam ener-
gies (Ki) and by varying the distances dj between
the sensors, the system is calibrated through a 𝜒2

minimization:

𝜒2
(
offset, dj

)
=
∑
i,j

{(
Δtmean,ij − offset

)
− TOF

(
Ki, dj

)
𝜎ij

}2

(3)

where offset and distances dj are free parameters of
the minimization and TOF (Ki, dj) is the expected time
of flight accounting for the energy loss of particles in
the first detector and in the air.11

2.3.3 The self -calibration approach

A self -calibration method was developed to remove
the systematic uncertainties and measure the absolute
energy independently from any external energy refer-
ence. The new proposed approach relies on the relative
displacements of S2, which are known with good accu-
racy from the grooves’ distances. It allows calibrating
the system in terms of the first considered distance
between the sensors, which might still be affected by
positioning errors, and the global time offset between
the signals from the two detectors. The self -calibration
procedure is performed by taking measurements of the
mean time differences of coincident protons crossing
the two sensors at specific locations of S2, using a
few monoenergetic beams whose energy value is not
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6 ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY

F IGURE 3 Deviations between reference and measured energy for five different beam energies at the largest flight distance (97 cm) as a
result of self - (a) and relative calibration (b). The blue and red shaded regions represent respectively, the errors on the measured and reference
energies, while the error bars correspond to the uncertainty on the difference. The dot-lines show the corresponding deviations in the water
range within 1 and 0.5 mm.

F IGURE 4 Deviations between five reference and measured energies converted into a range 80% using the PSTAR dataset at the largest
flight distance (97 cm) as a result of self - (a) and relative calibration (b).

used in the method. A minimization procedure aims at
finding the estimated relative position of S2, for each S2
location and all the considered beams, in terms of the
two unknown quantities.

A scheme of the basic principle is reported in Figure 2
and described in the following.

Depending on the number of grooves of the rigid hor-
izontal support, several locations of the second sensor
S2 might be set (p1–p4 in Figure 2). The relative dis-
placements Δdm between the S2 position pm along the
beam trajectory and the first S2 position p1, are known
from the grooves’distances with a very small uncertainty,
while the distance x0 between S1 (fixed at p0 = isocen-
ter) and the first S2 position (p1) is affected by a large
uncertainty. Indeed, x0 depends on how the boards and
the sensors are assembled, the sensor thickness, and
any possible tilt of the different components.

By measuring the mean time difference of coincident
signals Δtmean for two different S2 locations (e.g.,p2 and
p3 in step 1 of Figure 2) for the same beam energy, the
average velocity of protons traveling across the distance
d23 between p2 and p3 can be defined independently
from x0 and offset as:

vavg,23 =
d23

TOF3 − TOF2

=
p3 − p2(

Δtmean,3 − offset
)
− (Δtmean,2 − offset)

=
Δd3 − Δd2

Δtmean,3 − Δtmean,2
(4)
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ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY 7

TABLE 2 Self - (left column) and relative (right column)
calibration parameters resulting from nine Δtmean measurements
(three energies and three distances) for the TPC beam test.

Self Relative
Parameter Value Error Parameter Value Error

Offset (ps) −90.1 1.5 Offset (ps) −95.7 3.1

x0 (cm) 26.932 0.025 d1 (cm) 27.031 0.047

d2 (cm) 66.939 0.052

d3 (cm) 97.045 0.052

and the average kinetic energy of protons traveling
between p2 and p3 can be obtained from

Kavg,23 = Eo

⎛⎜⎜⎜⎝1∕
√√√√

1 −
(vavg

c

)2

− 1

⎞⎟⎟⎟⎠ (5)

as in step 2 of Figure 2.
The average kinetic energy in the distance d23, cor-

rected for the energy loss in the air,11 is used to obtain
the beam kinetic energy K1 at the exit of the first sensor
S1 (step 3 in Figure 2), as a function of x0.

From K1, the mean velocity (vavg) between the two
sensors for any S2 location can be determined (e.g.,
vavg,p4 for S2 located in p4 as in step 4 of Figure 2),
considering the appropriate energy loss in the air, and
hence the S2 position (e.g., p4) using the correspond-
ing measured time difference Δtmean. This calculated
position, which depends on the values of x0 and offset
parameters, is obtained using different combinations of
S2 locations to evaluate vavg and with all the beams con-
sidered. The whole process is then repeated for all the
positions pi.

The self -calibration aims at finding the x0 and offset
parameters able to simultaneously minimize the square
deviation between all the calculated and measured
S2 positions, where the measured positions are those
obtained by summing x0 to the specific Δd considered
(step 5 in Figure 2).

2.4 Beam tests at CNAO and TPC

The telescope systems with HPK pad sensors and FBK
strip sensors (Figure 1) were tested, respectively, in a
clinical treatment room of the CNAO facility,11 and in the
experimental room of the TPC.

At CNAO, only one out of the four pads has been
readout for each sensor, and the ToF measurements
were performed for five reference proton beam energies
(59.4, 78.1, 104.1, 149.2, 227.4 MeV) retrieved from five
distal water equivalent depths measured by CNAO using
a Peakfinder (respectively R80: 30.4, 49.6, 82.9, 156.3,
323.2 mm),6 at a beam flux of 5 × 108 p s−1 cm−2. For

each beam energy, the two sensors were positioned at
four distances (7, 37, 67, 97 cm) from each other.

At TPC, only one strip has been readout for each
detector, and the two sensors were positioned at three
distances (27, 67, 97 cm). For each distance, the ToF
measurements were performed at seven reference pro-
ton beam energies (68.5, 97.0, 147.1, 163.1, 182.8,
222.9, 227.4 MeV), corresponding to the distal water
equivalent ranges at isocenter (respectively R90: 39, 73,
152, 182, 222, 312, 323 mm) measured by the facility
with a Giraffe detector. The beam flux was adjusted for
each energy in order to have a fluency of 108 p s−1 cm−2

approximately.
As described in our previous study,11 the laser align-

ment system of both facilities was used to position S1
at the isocenter. Then, for each longitudinal distance, the
transversal position of S2 was changed covering a grid
using the movable stages. It was considered the best S2
alignment, the grid point providing the most significant
number of coincidences.

After the alignment procedure, the mean time dif-
ference value was measured in a dedicated run for
each reference beam energy and distance between
the sensors. For each run, from 5000 to 15 000 wave-
forms were acquired from the digitizer, corresponding
to a total acquisition time of around 3−9 s, respectively.
Notably, the beam irradiation time was increased when
increasing the distance to compensate for the loss of
coincidence efficiency.

The beam energy was derived from the mean value
of the time difference, performing the system calibra-
tion previously described, and then compared to the
reference one, as described in the following.

3 RESULTS

The self -calibration method was tested with the exper-
imental data acquired at CNAO and TPC with clinical
proton beams, and the results were compared with
those previously obtained using the relative calibration
approach.11

3.1 CNAO

The system was calibrated using 16 Δtmean measure-
ments performed at four beam energies (59.4, 78.1,
149.2, 227.4 MeV) and four distances (7, 37, 67, 97 cm).
One proton beam energy (104.1 MeV) was not consid-
ered for the calibration procedure and was used as an
independent test point. A statistical error on the mea-
sured Δtmean in the order of a few ps was found. The
output parameters (time offset and distances) resulting
from the two calibration strategies are shown in Table 1.

A good correspondence is found between the offset
parameters and the first distance (x0 and d1) between
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8 ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY

F IGURE 5 Deviations between reference and measured energy for seven different beam energies at the largest flight distance (97 cm) as
a result of the self -calibration (a) and the relative calibration (b). The blue and red shaded regions represent respectively, the errors on the
measured and reference energies, while the error bars correspond to the uncertainty on the difference. The dot-lines show the corresponding
deviations in the water range within 1 and 0.5 mm.

F IGURE 6 Deviations between seven reference and measured energies converted into a range 80% using the PSTAR dataset at the
largest flight distance (97 cm) as a result of self - (a) and relative calibration (b).

the two methods. However, the errors on the parameters
resulting from the self -calibration approach are reduced
by a factor 2 with respect to the relative method, thus
allowing to achieve the required tolerance on the ToF
measurement (∼3 ps at 230 MeV and 1 m distance) for
the two largest flight distances (67 and 97 cm).

The results regarding the deviation between refer-
ence and measured energy for the two calibration
strategies are reported in Appendix 1 (Table A1.1),
where the corresponding uncertainties were propa-
gated from the error on Δtmean and on calibration
parameters.

As expected, the uncertainty on the measured energy
decreases with decreasing beam energy and increasing
the distance between sensors, since the requirements
on the ToF measurement are less stringent, despite the
loss of efficiency.

Figures 3 and 4 show the difference between ref-
erence and measured energies at the largest flight

distance (97 cm) in terms of energy and range for
all the tested beam energies. The uncertainty on ref-
erence energies was derived from the corresponding
range accuracy of 0.15 mm, measured in the CNAO
treatment room with a Peakfinder water column. Both
calibration methods led to a water range discrepancy
below 0.5 mm. Notably, deviations in the order of a few
hundreds of keV with a maximum uncertainty of 0.4
MeV on the measured energy were found as a result
of the self -calibration approach, in compliance with the
clinical requirements.

3.2 TPC

At TPC, the system was calibrated using 9 Δtmean mea-
surements performed at three energies (68.5, 182.8,
227.4 MeV) and three distances (27, 67, 97 cm), while
all remaining acquired energies (97.0, 147.1, 163.1,
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ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY 9

222.9 MeV) were used to test the results of the
calibration independently. Table 2 reports the output
parameters for the two calibration strategies.The results
for the two largest flight distances (67 and 97 cm),
which provide a more accurate energy measurement,
are shown in Appendix 1 (Table A1.2). As already
observed, the errors on the calibration parameters are
reduced by nearly a factor 2 with the self -calibration
approach.

Similarly to CNAO results, energy deviations from ref-
erence values of a few hundred keV were observed,
in agreement with the clinical requirements. Notably, at
97 cm (Figures 5 and 6), most of the energy differences
were found to lie within the water range tolerance of
0.5 mm with a level of uncertainty, that is, well below
the one on the reference energies, which are estimated
in the TPC experimental room with a range accuracy of
0.5 mm.

4 DISCUSSION

The protons ToF measurement was demonstrated to be
a promising approach for the energy assessment of clin-
ical beams.11 This work presents an upgraded version of
the telescope device aimed at this scope, tested at two
treatment centers (at CNAO—Pavia and TPC—Trento)
with proton beams of clinical energies (59–227 MeV)
and fluence rates (approximately 108 p/cm2⋅s), thus
showing the capability to deal with different beam time
structures resulting from both synchrotron and cyclotron
accelerators.

Only one channel per sensor (either HPK pad sen-
sors at CNAO or FBK strips at TPC) was bonded to the
readout board, and a mechanical system consisting of
a horizontal rigid support with 10 grooves was used to
vary the distance between the sensors along the beam
trajectory, with the first sensor S1 being kept fixed at the
isocenter.

This study introduces a robust calibration method
(self -calibration method) of the telescope device for
the direct and absolute measurement of the energy of
therapeutic proton beams. The procedure was devel-
oped to remove the systematic uncertainties due to
the experimental setup (routing of the electronic chain
and first distance between the sensors) independently
from any a priori knowledge of the parameters of
the monoenergetic beams used. This novel calibration
method was successfully validated with simulated data
and then benchmarked against a relative approach,
which exploits the reference energy values provided
by the facility, using the experimental data acquired at
CNAO and TPC. For irradiation times of less than 10
s, uncertainties in the order of a few picoseconds on
the measured time differences were observed. Further-
more, the self -calibration method allowed to halve the
uncertainties on the system unknown parameters and to

obtain a few hundred keV deviations between reference
and measured beam energies both at CNAO and TPC
at the largest distance between the sensors (in compli-
ance with the clinically required water range accuracy of
1 mm).

The impact of positioning uncertainties of the sen-
sors was considered by evaluating the outcome on the
energy measurement induced by variations in second
sensor (S2) positions, thus simulating possible inaccu-
racies of the mechanical system. The self -calibration
procedure was iteratively performed varying the relative
displacements of S2 and the positioning accuracy in the
order of a few hundreds of μm was necessary to keep
the energy deviation below the clinical tolerance.

A sophisticated mechanical support is currently being
developed to reduce the effect of systematic uncer-
tainties related to the absolute distances between the
sensors and to allow a 180◦ rotation of the system, use-
ful to invert the order of the sensors along the beam and
directly determine the time offset due to the routing of
the electronic chain.

To reduce the statistical error on the measured time
differences and improve the data acquisition system, a
new front-end electronics board is being developed to
simultaneously readout multiple strips per sensor, aim-
ing to enlarge the sensitive area and to increase the
number of coincident protons.

At present, the dead time of the data acquisition rep-
resents the main limitation of the system. Nevertheless,
the data acquisition time required to achieve 1 mm range
precision (a few tens of ms active acquisition and a
few seconds total acquisition), together with the limited
beam perturbation, make the telescope system a possi-
ble candidate for online monitoring of the beam energy
and could find clinical application for fast beam com-
missioning and QA procedures. Moreover, the method
can be easily applied to monitor the energy of clinical
beams of heavier ions (e.g., carbon). Indeed, the clinical
energy ranges correspond approximately to the same
range of particle velocities of the present study and,
consequently, lead to the same constraints on the ToF
resolution to meet the clinical requirements. However,
the sensors would need to be optimized for different
particle species.

5 CONCLUSIONS

The capability of a telescope detector made of two thin
UFSD sensors to provide an absolute, direct, accurate,
and fast measurement of the energy of clinical proton
beams exploiting ToF assessment, independently from
the beam temporal structure, has been demonstrated.

A dedicated self -calibration approach was developed
to determine the system unknown parameters (absolute
distance between the sensors and global time offset)
independently from any external reference.
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10 ABSOLUTE MEASUREMENT OF PROTON BEAM ENERGY

Improvements in the system are foreseen to find appli-
cations in beam commissioning,QA measurements,and
online beam monitoring for all the present and future
particles used for therapy.
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APPENDIX A

TABLE A1 .1 List of the measured ToFs and energies at the isocenter for the two largest flight distances (67 and 97 cm) with the
corresponding deviation and uncertainties according to the relative and self -calibration approach for the CNAO beam test.

Distance (cm)
Eref
(MeV)

σEref
(MeV) ToF (ns) σToF (ns) Emeas (MeV) σEmeas (MeV)

Eref-Emeas
(MeV) σDev (MeV)

Self Relative Self Relative Self Relative Self Relative Self Relative Self Relative Self Relative

66.605 66.663 227.4 0.1 3.746 3.748 0.002 0.004 227.7 227.6 0.4 0.6 −0.3 −0.2 0.4 0.6

149.2 0.1 4.404 4.405 0.002 0.004 149.1 149.1 0.2 0.3 0.1 0.1 0.2 0.3

104.1 0.1 5.114 5.116 0.002 0.004 104.2 104.1 0.1 0.1 −0.05 −0.01 0.1 0.2

78.1 0.2 5.805 5.807 0.002 0.004 78.1 78.1 0.1 0.1 −0.1 −0.1 0.2 0.2

59.4 0.2 6.582 6.584 0.003 0.004 59.4 59.4 0.04 0.06 0.001 0.008 0.2 0.2

96.605 96.727 227.4 0.1 5.440 5.442 0.002 0.004 227.5 227.3 0.3 0.4 −0.1 0.1 0.3 0.4

149.2 0.1 6.391 6.392 0.002 0.004 149.2 149.1 0.1 0.2 −0.02 0.08 0.2 0.2

104.1 0.1 7.431 7.433 0.003 0.004 104.0 103.9 0.1 0.1 0.2 0.2 0.1 0.2

78.1 0.2 8.432 8.434 0.003 0.004 78.1 78.1 0.1 0.1 −0.1 0.01 0.2 0.2

59.4 0.2 9.549 9.551 0.003 0.004 59.7 59.6 0.03 0.04 −0.2 −0.2 0.2 0.2

TABLE A1 .2 List of the measured ToFs and energies at the isocenter for the two largest flight distances (67 and 97 cm) with the
corresponding deviations and uncertainties according to the relative and self -calibration approach for the Trento beam test.

Distance (cm)
(ns)

Eref
(MeV)

σEref
(MeV) ToF (ns) σToF Emeas (MeV) σEmeas (MeV)

Eref-Emeas
(MeV) σDev (MeV)

Self Relative Self Relative Self Relative Self Relative Self Relative Self Relative Self Relative

66.932 66.939 227.4 0.2 3.754 3.76 0.002 0.003 228.1 228.2 0.3 0.5 −0.7 −0.8 0.5 0.5

222.9 0.2 3.785 3.791 0.002 0.003 223.0 223.0 0.3 0.5 −0.1 −0.1 0.5 0.4

182.8 0.2 4.082 4.088 0.002 0.003 182.1 182.1 0.2 0.4 0.7 0.7 0.5 0.4

163.1 0.3 4.263 4.269 0.002 0.003 162.8 162.9 0.2 0.3 0.3 0.2 0.5 0.4

97 0.4 5.298 5.304 0.002 0.003 96.4 96.5 0.08 0.1 0.6 0.5 0.7 0.5

68.5 0.5 6.184 6.190 0.002 0.004 68.1 68.2 0.05 0.1 0.4 0.3 1 0.6

96.932 97.045 227.4 0.2 5.453 5.459 0.002 0.003 227.3 227.3 0.2 0.4 0.1 0.1 0.4 0.4

222.9 0.2 5.492 5.498 0.002 0.003 222.8 222.8 0.2 0.3 0.1 0.1 0.4 0.4

182.8 0.2 5.914 5.920 0.002 0.003 182.7 182.7 0.1 0.3 0.1 0.1 0.5 0.3

163.1 0.3 6.173 6.179 0.002 0.003 163.6 163.6 0.1 0.2 −0.5 −0.5 0.5 0.4

147.1 0.3 6.442 6.448 0.002 0.003 146.9 147.0 0.1 0.2 0.2 0.1 0.6 0.3

97 0.4 7.679 7.685 0.002 0.003 96.7 96.7 0.06 0.1 0.3 0.3 0.7 0.4

68.5 0.5 8.972 8.978 0.003 0.004 68.2 68.3 0.05 0.1 0.3 0.2 1 0.5
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