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Abstract

Background: In carbon-ion radiotherapy (CIRT), the beam energy determines
both the particle range and the overall dosimetric quality. Range-verification QA
devices such as Zebra and Giraffe, which are based on multilayer ionization
chambers (MLICs), can verify the range but only under dedicated QA conditions,
leaving any energy deviations introduced by nozzle components undetected in
real time. In particular, nozzle structures such as ridge filters can broaden or
modulate the energy spectrum, causing the effective energy delivered to the
patient to differ from the nominal accelerator setting. These limitations highlight
the need for a real-time method capable of verifying the beam energy under
actual clinical operating conditions.

Purpose: We proposed a TOF-based beam-energy measurement concept that
leverages a cross-correlation analysis of full detector waveforms. Compact and
radiation-hard parallel-plate chambers (PPCs) were developed and evaluated,
in contrast to prior TOF systems based on semiconductor detectors.

Methods: PPCs (2.5 cm diameter active area, 0.4 mm gas gap) were operated
in CO,. Two detectors were mounted coaxially with detector separations of 22.5
and 46.3 cm. Experiments were performed at Yonsei Heavy-ion Therapy Cen-
ter (HITC) using four nominal energies (102.6, 140.4, 250.3, 430 MeV/nucleon)
and three intensities, covering the clinically interesting ranges. Signals were dig-
itized with a 1 GHz bandwidth oscilloscope. For each spill, paired waveforms
were cross-correlated, and peak times were refined by parabolic interpolation
to determine TOF. Precision and accuracy were evaluated across energies,
intensities, and detector separations.

Results: The PPCs operated stably for all beam conditions. Under pencil-beam
delivery and normalized to 1 s acquisitions, the timing precision of the mean
TOF (standard error) remained within 1 ps for both detector separations, scal-

ing with 1/\/N (N:number of TOF samples per acquisition) and not representing
the single-particle TOF resolution. Residuals between measured and theoreti-
cal TOF remained within 80 ps across energies and distances. After relativistic
conversion from TOF to kinetic energy and then to water-equivalent range, all
deviations were within a 1 mm range shift, meeting the recommended clinical
criteria for range verification.
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1 | INTRODUCTION

Carbon-ion radiotherapy (CIRT) is an advanced tech-
nique of radiation therapy that leverages the physical
advantage of the Bragg peak and the high relative
biological effectiveness (RBE) of carbon-ions."? Its clin-
ical adoption has been steadily expanding worldwide
in response to the growing demand for more precise
and effective cancer treatment. The first CIRT facil-
ity, HIMAC, was established in Japan, and as of today,
more than 20 centers are operational or under con-
struction worldwide.®>* CIRT offers substantial benefits
over conventional photon therapy by delivering highly
conformal dose distributions that spare surrounding
healthy tissues and organs. Moreover, clinical stud-
ies have reported favorable outcomes with improved
tumor control and survival, particularly in radioresistant
cancers such as lung, head and neck, and mucosal
melanoma.>8

Synchrotron-based CIRT systems constitute com-
plex infrastructures integrating multiple precision control
technologies for real-time beam quality management.
Key physical parameters—such as beam position, dose,
intensity, and energy—are regulated through dedicated
hardware and control systems, and monitored by detec-
tors strategically installed between the injector, acceler-
ator, and high-energy beam transport (HEBT) sections.’
These control mechanisms are based on technologies
first developed at HIMAC and later adopted in Toshiba
synchrotrons.'%~'3 In particular, Toshiba systems employ
multi-energy operation using RF modulation and beam-
chopper control, enabling precise regulation of energy
and intensity, energy selection across 600 discrete steps,
and beam intensity.!'~13

Although modern CIRT systems provide highly pre-
cise control of beam delivery parameters, efforts have
increasingly focused on establishing independent meth-
ods for direct verification of beam energy and range.
Several approaches have been proposed, including
real-time monitoring techniques implemented down-
stream of the nozzle to complement conventional QA
procedures.'* "6 |n addition to these clinical develop-

Conclusions: We demonstrated that compact CO,-filled PPCs, operated as
a TOF pair, can measure carbon-ion beam energy across the clinically relevant
range of energies (~¥100—430 MeV/u) and intensities used in routine treatment
delivery. We achieved sub-picosecond timing precision on the TOF mean
(standard error) per 1 s acquisition and submillimeter water-equivalent range
accuracy using a robust cross-correlation analysis method. These results
open the way to the integration of PPC-based TOF monitoring to tighten
beam-delivery tolerances and improve the reliability and safety of carbon-ion

carbon-ion radiotherapy, cross-correlation, energy monitoring system, parallel-plate chamber, time-

ments, TOF-based detector concepts have been exten-
sively used in high-rate experimental environments such
as large-scale particle- and neutron-physics facilities,
where precise timing and energy determination over
long flight paths are required.'”-'® In this context, our
work aims to explore a time-of-flight (TOF)—based strat-
egy for carbon-ion beam-energy measurement under
clinical beam conditions. Among TOF-based attempts
more directly related to beam QA in a clinical scenario,
solid-state detector systems have shown promising
results, particularly in proton therapy, where ultrafast sil-
icon detectors (UFSDs) have been employed for abso-
lute beam-energy determination.’®2° However, their
limited radiation hardness and the high cost of large-
area implementations are likely to limit their practical
applicability in carbon-ion therapy.

As an advantageous alternative, previous work has
shown that a parallel-plate chamber (PPC) can achieve
picosecond-level timing precision under clinical beam
conditions?! In this work, we implemented a dual-PPC
TOF setup on the same beam to directly measure
the absolute beam energy and evaluate whether its
precision meets the clinical goal of + 1 mm in water-
equivalent range.

2 | MATERIALS AND METHODS

2.1 | Experimental setup

The TOF measurement system used in this study con-
sisted of two PPC detectors positioned sequentially
along the beam axis. The detectors were mounted with
an adjustable separation and operated with indepen-
dently applied bias voltages to accommodate different
measurement configurations. As shown in Figure 1a,the
two PPCs were installed at fixed separations depending
on the experimental configuration.

Each PPC had a circular active area with a diame-
ter of 2.5 cm and a uniform gas gap of 0.4 mm. Both
detectors were mounted at the center of a gastight box,
highlighted by the cyan dotted region in Figure 1a. Owing
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FIGURE 1

Isocenter
~22cm | TOF distance (Short and Long)
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1
Upstream PPC Downstream PPC
center center

(a) Dual PPC assembly for TOF measurements, each with a @10 mm brass collimator positioned upstream of the active area

(cyan dotted box: gastight housing). (b) Schematic and in-room setup at Yonsei HITC, showing the PPC arrangement for short (22.5 cm) and

long (46.3 cm) TOF configurations.

to the relatively small active area, we constrained the
beam to pass only through the center of the active area
by using a brass collimator of 10 mm internal diame-
ter and 60 mm length placed just upstream from each
chamber, as illustrated in Figure 1a.

Prior to the experiment the chambers were filled
with pure CO,, and during operation the system was
maintained sealed. Each chamber was biased with a
voltage of 1570 V, corresponding to an electric field of
39.25 kV/cm across the 0.4 mm gap.

To protect sensitive equipment such as the digi-
tal oscilloscope and the high-voltage power supplies
from secondary particles exposure, these devices were
placed outside the treatment room in a maze-structured
service corridor. Therefore, the amplified signals were
transmitted to the oscilloscope via 20 m-long LEMO
cables. Signal acquisition was performed using a Tele-
dyne LeCroy HDOG6104B digital oscilloscope (1 GHz
bandwidth, 12-bit resolution) at a 1.25 GSPS rate.
The acquisition was triggered by simple thresholding
of the signals present on either PPC and a 20 ms
long sweep was acquired for each trigger. All acquired
waveforms were stored in binary format for offline
analysis.

2.2 | Carbon beam experiment condition
The experiments were conducted at the Yonsei Heavy-
ion Therapy Center (HITC, Seoul, Republic of Korea)
using a synchrotron-based CIRT system (CI-1 000,
Toshiba, Japan)® The in-beam experimental setup is
shown in Figure 1b. The PPCs were installed along
the beam axis, with the upstream detector aligned with
the isocenter. The selected nominal energies (102.56,
140.44, 250.25, 430.00 MeV/nucleon, MeV/u) corre-
spond to water-equivalent penetration depths ranging
from approximately 1 cm to over 30 cm, effectively
covering the range required for most clinical treat-

ment cases. The beam parameters—including nominal
energy, expected energy in the space between the PPCs
and average particle rate—are summarized in Table 1.
The average particle rates listed in Table 1 corre-
spond to the expected rates on the upstream PPC after
the 10 mm brass collimator for each energy—intensity
combination.

The detector separations were set to (nominally)
22.5 cm (“Short”) or 46.3 cm (“Long”), respectively. The
irradiation plan was configured such that the beam-on
time was set to 15 s for each energy—intensity condition,
ensuring consistent data acquisition windows across all
settings.

2.3 | Data processing and
cross-correlation analysis

Each 20 ms long sweep was digitally filtered by a rect-
angular digital bandpass filter accepting from 10 to
200 MHz, empirically chosen as the optimal range. Each
sweep was subdivided into 10 000 segments, each 2 s
in duration. Each segment was analyzed independently
and yielded one TOF measurement. This subdivision
level was empirically determined to deliver the best
overall TOF precision.

For each segment the signal was 10-fold interpolated
to improve the time granularity and the TOF was com-
puted by applying a cross-correlation algorithm between
the two interpolated signals2'~23 One signal was incre-
mentally shifted in time relative to the other and their
correlation was evaluated for each offset. The temporal
offset corresponding to the peak of the cross-correlation
function was defined as the TOF measurement. To iden-
tify the peak a second-order polynomial was fitted to
the 7 samples surrounding the offset value with the
highest correlation and the peak was defined as the
maximum of this polynomial, allowing for analog-level
resolution on the peak position. An illustration of the
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TABLE 1

KWON ET AL.

Beam settings used for TOF measurements at Yonsei HITC. The nominal energy (Kp) is the machine setting from the “Energy ID”

(EID); the measured Rgq range with PPC is the corresponding beam range value measured by the Giraffe device with interposed PPC; the
kinetic energy after PPC (K) is the expected energy after passing through the upstream PPC, estimated by simulation as part of the dosimetry

procedure. Three intensity levels (low/medium/high) were delivered, and the average particle rate as estimated for each level.

Measured Rgg Kinetic energy Average
Nominal energy range with PPC (K) after PPC particle rate
(Ko) (MeV/u) (R) (mm) (MeV/u) Intensity (s7")
102.56 13.661 70.90 Low 2.20E + 07
Medium 1.24E + 08
High 2.34E + 08
140.44 33.325 116.23 Low 2.76E + 07
Medium 1.56E + 08
High 2.94E + 08
250.25 113.32 234.56 Low 4.13E + 07
Medium 2.34E + 08
High 4.40E + 08
430.00 295.16 418.63 Low 5.65E + 07
Medium 3.20E + 08
High 6.03E + 08
430 MeV/u, medium intensity 0. 1 segment
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FIGURE 2 lllustration of the analysis procedure: (a) Raw signal, as digitized (the full sweep is 20 ms long); (b) One 2 ps long segment after

band-pass digital filtering; (c) Cross-correlation function between the two signals in the segment; (d) Parabolic fit around the correlation peak,

the vertex (green arrow) indicates the measured time offset.

successive steps of this procedure can be found in
Figure 2.

2.4 | Signal-strength correction and TOF
distribution analysis

To quantify the signal strength in each segment, the root
mean square (RMS) values of both PPC signals were
computed and summed. A weak but consistent depen-

dence of TOF on the signal strength was observed
across all beam energies and detector separations,
suggesting a systematic bias potentially arising from
detector or readout characteristics. To mitigate this
effect, a linear regression was performed on the TOF
versus. RMS distribution for each energy and distance,
therefore amalgamating all intensities together for each
energy-separation combination. TOF values were then
extrapolated to the zero-amplitude limit, effectively cor-
recting for strength-dependent shifts. This procedure is
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Long, Low
Long, Medium =
Long, High
Linear fit: 1.97 ps/mV

Short, Low 1
Short, Medium
Short, High 4
Linear fit: 1.11 ps/mV

250 MeV/u
5000 ‘ ‘

4500}

4000 | 3

3500

3000

2500

TOF (ps

2000 |
1500 F |
1000 F
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Signal RMS (V)

FIGURE 3 Correlation between the summed RMS signal
strengths from both PPCs and measured TOF at 250 MeV/u. Data
are grouped by detector separation (long, short) and beam intensity
(low, medium, high). Linear fits for each separation yield slopes of
1.97 ps/mV (long) and 1.11 ps/mV (short), illustrating an
amplitude-dependent timing shift attributable to detector
characteristics.

illustrated in Figure 3. Note that this is a calibration
procedure that can be performed prior to any eventual
clinical use. The very wide range of signal strengths visi-
ble in Figure 3 results from the intense modulation of the
beam that occurs during normal accelerator operation 2!

The slope of the dependency is reversed when the
order of the chambers is reversed, indicating that this
effect is tied to the chambers themselves and not to their
position in the beam line. It was determined that when
the applied voltage is varied in one of the chambers the
measured TOF shifts by 1.3 ps/V, so it is conceivable
that the dependency could be removed by a differential
adjustment of the applied voltages.

Following this correction, TOF distributions were con-
structed for each combination of beam energy and
detector separation using the signal-strength—corrected
TOF values obtained on a segment-by-segment basis.
To robustly estimate a representative TOF value for each
energy—separation pair, a truncated logistic function was
fitted to the cumulative distribution of these corrected
TOF measurements. The representative TOF value was
defined as the midpoint (50% level) of the fitted cumula-
tive distribution, corresponding to the inflection point of
the logistic function2! This approach provides a stable
estimate of the central TOF value that is less sensitive
to outliers and non-Gaussian tails than a simple mean.

2.5 | Evaluation of the TOF
measurements

To evaluate the performance of the PPC-TOF sys-
tem, we assessed both timing precision (intra-condition

consistency) and accuracy (agreement with an indepen-
dent estimation). Timing precision was quantified as one
quarter of the width of the 95% confidence bounds for
the mode as determined by the fitting procedure men-
tioned above. As the precision of the mode depends
inversely on the square root of the number of mea-
surements, the quoted precisions were converted to an
equivalent measurement time of 1 s. In Yonsei HITC
clinical practice each “energy layer” corresponds to sev-
eral hundreds of milliseconds, so a 1 s measurement
time corresponds to the same order of magnitude in
precision.

At Yonsei HITC the fundamental spill period is around
1 ys so in a 1 s measurement time about 1 million
spills will be measured2! Of course, in other facilities
the beam time structure may vary, with an impact on
precision that can’t be foreseen by us.

For accuracy determination the measurement was
compared with an independent estimation of three
parameters: TOF, kinetic energy and range in water. Of
these, range in water (r) is the most clinically relevant
and it is directly measured for a wide range of nominal
energies (ko) as part of the regular quality assurance
of the facility, defining experimentally the function r(k).
At this facility r is defined as the distance at which the
energy deposition density drops to 80% of its peak value
(Bragg peak). Note that the nominal energies are very
sharply defined by the accelerator revolution frequency
and are a reliable reference for the beam energy gen-
erated by the accelerator, but, as discussed above, this
doesn’t correspond exactly to the energy at the delivery
point.

From the measured energy deposition curves in water
the average kinetic energy of the beam, k, is esti-
mated by fitting these curves by simulation for each
{ko, r} pair. The function k(r) is available as part of
the normal dosimetry procedure and from it we defined
numerically the inverse function r(k). Both functions
were implemented as an interpolation between the data
points presented in Table 1 by a shape-preserving cubic
polynomial, continuous to the first derivative.

It should be noted that it is unclear which procedure
is more accurate:kinetic energy measurement from TOF,
a rather direct measurement, or kinetic energy estima-
tion from the water range curves, which is very indirect
because it involves simulation of the beam interaction
with water and requires assumptions about the beam
energy spectrum.

There is an experimental complication arising from
the non-negligible thickness of the PPCs, which causes
the beam energy in the space between the PPC
pair to be smaller than what it should be for the
nominal energies at which the r(ky) function was mea-
sured. To account for this effect, we measured the
water ranges (R) at the nominal energies used (Kp)
when the PPC is placed upstream of the IBA Giraffe
(IBA Dosimetry, Schwarzenbruck, Germany).2* The PPC
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water-equivalent thickness was found to be close to
6.2 mm for all energies of interest. The “Expected kinetic
energy” for each Kj is then K = k(R) and the values are
listed in Table 1.

To convert from TOF () to kinetic energy, k(t, d), and
vice-versa, t(k, d), we use the relativistic expressions,'?
where Ej is the rest energy per nucleon (930.983
MeV/u):

(k+Ep)-d

t(k d) = (1

c\/ (k + Eo)? — Ey?

being d the separation between detectors.

Together, these functions allow to convert the mea-
surements from TOF to water range via kinetic energy
and vice-versa. There are 3 ill-kknown calibration con-
stants that must be experimentally determined: the
effective detector separations in the two experimen-
tal configurations (Djong @nd Dgpor, respectively), and a
global TOF time offset (C) that accounts for unknown
contributions from cable lengths, electronics delays, and
similar effects. These three constants were determined
by a least-squares minimization of the function

2
x*= X, Ir (k(TOFshort + C, Dspor)) = Ri]

+ X[ (K (TOFijong + C, Diong)) - RI° @

where the index i indicates the nominal energies. The fit
was restricted to the points at nominal energies 140.44
MeV/u and 430.00 MeV/u,which correspond to the limits
of the clinically useful range. The other two energies can
be seen as validation points.

Note that this is a calibration procedure that can be
performed prior to any eventual clinical use.

3 | RESULTS

Measured TOF precision and accuracy across the nom-
inal energy range (100430 MeV/u) were compared
with theoretical predictions from relativistic kinematics
(Figures 3 and 4).

In Figure 4 (top panel), measured flight times (T =
TOF + C) for each expected kinetic energy K in both
Long and Short detector separations are overlaid with
theoretical values calculated from Equation (1). The x-
axis represents the expected kinetic energy K (MeV/u),

and the y-axis represents the measured TOF + cte (ps),
where cte is the constant time offset determined by the
least-squares minimization mentioned above. The mid-
dle panel presents the residuals (AT = T — Tgyp, Texp =
t(K, D)) between measured and theoretical TOF values,
where D denotes the adjusted detector separation cor-
responding to each experimental configuration (Short
or Long). Except for the lowest energy in the Long
configuration, residuals remained within + 20 ps.

The bottom panel of Figure 4 shows the TOF preci-
sion (Z) and the corresponding water-equivalent range
shift, calculated as r(k(T, D)) — r(k(T + Z, D)). The Long
configuration achieved precisions of 0.4-0.7 ps, corre-
sponding to range uncertainties of 0.01-0.5 mm. The
Short configuration improved precision to 0.4-0.5 ps,
consistently maintaining submillimeter range uncertain-
ties (0.01-0.8 mm) across the full energy range as
summarized in Table 2.

Measured TOF values were then converted to abso-
lute kinetic energies using the relativistic relation k(t, d)
and then to water-equivalent ranges (Figure 5). The
top panel shows the kinetic energy error AK = k(T, D) —
K as a function of K. The error bars correspond to
the precision of the measurement, k(T, D) — k(T + Z, D)
and represent the K uncertainty listed in Table 2. For
both configurations, deviations were below + 1 MeV/u,
except at 102.56 MeV/u-Long configuration where an
overestimation of 2.48 MeV/u was observed.

The bottom panel of Figure 5 presents the water
range error, AR = r(k(T, D)) — R, with error bars corre-
sponding to the range shift already shown in Figure 4
(bottom panel). The error-bar values correspond to the
Range uncertainty reported in Table 2. Across all beam
energies and detector separations, the water-equivalent
range error remained within + 1.0 mm, thus satisfying
clinical criteria for beam range verification.

4 | DISCUSSION

In this study, we experimentally validated a TOF sys-
tem based on PPC detectors for measuring the average
energy of carbon-ion beams. Previous studies have
demonstrated that PPC detectors can achieve excellent
timing performance, and the present results confirm that
this capability supports TOF-based energy determina-
tion under clinical beam conditions.?! To our knowledge,
this is the first study to validate a cross-correlation signal
analysis for carbon-ion energy measurement.

The proposed system features a simple and compact
design, achieving sufficient timing resolution without the
need for high-cost fast electronics. These advantages
suggest its potential utility as a direct energy verification
tool in routine quality assurance (QA), supplementing
conventional range-based detectors. With further hard-
ware optimization, the system may be extended to
support real-time energy monitoring applications.
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FIGURE 4 (Top) Measured TOF for long and short detector separations overlaid with theoretical values as a function of the expected

kinetic energy. The y-axis shows the measured TOF plus a constant time offset cte denotes the global time offset determined in the calibration.

(Middle) Residuals between measurement and theory. (Bottom) TOF precision and corresponding water-equivalent range shift.

TABLE 2

List of accuracy and precision results of measured TOF values for the two flight distances (23 and 47 cm) in the Yonsei HITC

beam test. Fitted detector separations (long and short) and the global TOF offset were estimated by a global least-squares fit minimizing range

error across all eight energy—Distance combinations. The table reports TOF accuracy and PPC-derived kinetic-energy error and

water-equivalent range error with corresponding precision.

Distance

configuration Expected value TOF Kinetic energy Range
Kinetic Residual TOF K Range Range

Nominal Fitted energy, K TOF, Ty, TOF, AT precision K Error, AK uncertainty error, AR uncertainty

(cm) (cm) (MeV/u) (ps) T,(ps) (ps) X (ps) (MeV/u) (MeV/u) (mm) (mm)

225 2329 709 2091.8 2103.7 -11.9 0.607 0.907 0.0466 0.334 0.0172
116.23 1695.9 16976 -1.67 0.649 0.274 0.107 0.140 0.0547
234.56 1291.5 1292.0 -0.465 0.577 0.238 0.296 0.189 0.235
418.63 1073.7 1073.7 0.0704 0.704 —0.00978 0.977 -0.0115 1.15

46.5 47.11 70.9 4188.6 4253.6 -65.1 1.04 2.49 0.0409 0.921 0.0153
116.23 3439.5 34325 7.08 0.932 -0.571 0.0748 -0.291 0.0382
234.56 2616.3 2612.3 3.89 0.620 -0.981 0.156 -0.776 0.123
418.63 2170.9 2170.9 -0.0290 0.803 0.0199 0.550 0.0234 0.649
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FIGURE 5

(Top) Kinetic energy error for long and short detector separations across five beam energies. Error bars indicate the

measurement precision. Deviations were below + 1 MeV/u for all cases except the 102.56 MeV/u—Long configuration, which showed a
2.5 MeV/u overestimation. (Bottom) Water-equivalent range error with error bars corresponding to the measurement precision. All values
remained within + 1.0 mm, meeting clinical beam-range verification criteria.

A related study by Vignati et al. demonstrated a
silicon-based TOF system employing UFSDs based on
the low-gain avalanche diode (LGAD) structure. Using a
proton therapy beam, the LGAD system achieved a TOF
resolution of approximately 3 ps and an energy resolu-
tion of 0.2-2.3 MeV at a 36.4 cm sensor distance.'®

Although this configuration provides excellent timing
for single-particle counting, silicon sensors are prone
to radiation-induced dopant deactivation (the acceptor
removal effect) and lattice defects, which lead to gain
degradation and worsening time and energy resolution
under high-LET irradiation.2®

In contrast, the PPC operates through ionization
and charge multiplication in a gas medium, where
interactions occur only with gas molecules, preventing
permanent damage and ensuring stable performance
even under high-intensity carbon beam exposure. Sim-
ilar chamber-type detectors operated with ambient air
have already been routinely employed in clinical radio-
therapy QA, demonstrating the long-term stability and
radiation tolerance of this detector concept.25-27

The PPC system demonstrated stable signal amplifi-
cation and timing performance even under high-LET car-
bon beam conditions. Furthermore, the applied cross-
correlation algorithm, which leverages the entire signal
waveform rather than only the leading edge, ensures

robust timing determination with reduced sensitivity to
pulse variations. When combined with tailored filtering
and averaging techniques, this approach provides high
timing stability and reproducibility.

From a clinical perspective, the most critical parame-
ter in particle therapy is not the incident beam energy
but the range—the stopping depth of particles within
the patient. While the incident energy determines the
range, dosimetric accuracy and treatment planning are
more directly affected by uncertainties in range than by
absolute energy values.

In current QA procedures, multilayer ionization cham-
bers (MLICs) such as the Giraffe are widely used for
range verification. In contrast, the PPC-TOF system
estimates range indirectly through energy measure-
ment, which requires an additional conversion step.
Unlike MLICs, however, the PPC is a transmission-
type detector that allows the therapeutic beam to pass
with minimal perturbation, offering potential for online,
three-dimensional beam monitoring. Moreover, when
beam-energy drifts or anomalies occur within the noz-
zle or beamline, the TOF-based system can function as
an independent and highly sensitive tool for real-time
detection of such deviations.

Future developments should include integration with
existing range-verification systems (e.g., Zebra, Giraffe)
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and the establishment of accurate TOF-range con-
version tables tailored to clinical environments. To
accommodate broader irradiation fields, scaling up the
detector area will be an important next step.

5 | CONCLUSION

In this study, we present a compact radiation-hard
TOF-based energy measurement system for clinical
carbon-ion beams using PPC detectors. The system
demonstrated reliable timing performance under high-
LET irradiation conditions and enabled direct estimation
of beam energy using cross-correlation of detector
signals. Across the clinical energy range, the mea-
sured energies deviated by less than + 2.5 MeV/u
from nominal values, corresponding to a range uncer-
tainty below £ 1 mm—well within clinically accepted
criteria.

The PPC-based approach promises a suitable solu-
tion for long-term QA applications in carbon-ion beam.
Precise and independent verification of beam energy at
the delivery point provides a powerful step in delivery
assurance that is not fully addressed by existing clini-
cal monitoring systems. Future developments will focus
on real-time acquisition integration, detector upscal-
ing, and clinical interfacing with range-verification tools.
The results of this work lay a foundation for estab-
lishing a detector-driven framework for absolute energy
monitoring in CIRT.
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